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INTRODUCTION 

1.  SUMMARY  STATEMENT  OK  PROBLEM 

The  purpose  of  the  Investigation  described  in  this  report  was  to  measure 
residual  surface  strains  in  the  region  near  fastener  holes  in  aluminum  alloy 
plate  which  had  been  coldworked  to  various  degrees  by  the  process  which  is  marketed 
by  J.O.  King,  Inc. 

A sophisticated  moire  technique  was  developed  for  the  investigation.  Since 
moire  methods  had  not  been  previously  used  to  any  extent  at  AFML,  a preliminary 
related  objective  was  to  devise  procedures  and  apparatus  for  the  measurement 
scheme  within  the  limits  of  available  equipment  and  funds. 

2.  ORGANIZATION  AND  PURPOSES  OK  THIS  REPORT 

Given  the  objectives  of  the  investigation  and  the  fact  that  the  investigator 
was  a temporary  member  of  staff  at  AFML,  it  seems  necessary  that  this  report 
should  serve  several  different  but  related  functions.  Its  main  technical  purpose 
is  to  report  on  the  background,  procedure  followed,  and  the  results  obtained  in 
measuring  strains  around  coldworked  fastener  holes.  It  also  serves  as  a repository 
of  the  technical  details,  many  of  which,  are  peculiar  to  the  system  at  AFML,  that 
develop  In  the  course  of  setting  up  new  apparatus  iind  procedures  using  nonstandard 
techniques.  Finally,  it  is  intended  to  be  used  as  a tutorial  source  for  engineers 
and  technicians  who  want  to  understand  or  utilize  the  apparatus  and  methods  or, 
in  particular,  to  duplicate  pait  of  the  experiments  discussed  herein. 

It  is  not  practicable  to  delineate  sections  of  this  report  which  serve  each  of 
its  functions;  a report  so  written  would  be  ungainly.  Instead,  the  report  is 
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organized  along  the  lines  of  a dissertation.  It  is  a fairly  formal  description  of 
the  ot  Iglns  of  the  problem;  the  thinking  that  went  Into  choosing  an  approach;  the 
procedure  used  from  start  to  finish  with  rather  more  detail  than  one  ordinarily 
expects  In  n technical  report;  a presentation  of  the  results;  and  a discussion  of 
the  findings,  measurement  errors,  and  possible  courses  of  future  investigation. 

A danger  of  this  type  of  reporting  is  that  the  reader  may  be  led  to  think  that 
the  progress  of  the  Investigation  passed  logically  and  systematically  from  concep- 
tion of  tlie  problem  to  final  solution.  Such  a conclusion  is  wrong;  false  starts, 
dead  ends,  poor  logic,  mistakes.  Irregular  progress,  and  confusion  were  present  In 
this  study  to  a degree  at  least  equal  to  the  average.  On  the  other  hand,  certain 
self-checks  and  redundancies  were  incorporated,  and  possible  errors  were  analyzed 
with  some  care;  so  the  results  are  reported  with  reasonable  confidence  of  their 
dependah it Ity . 

nesign  people  and  program  nuinagers  who  also  are  mainly  interested  In  the  results 
are  advised  to  skip  most  of  Sections  IV  through  Vll,  and  to  give  Section  III,  IX 
and  X tinly  cursory  reading.  Technical  people  who  are  faced  with  similar  measure- 
ment problems  will  want  to  study  Sections  IV  through  VII  in  detail  and  also  to 
utilize  tl«e  appendices. 

i.  RACKGROUND  OF  PROBLEM 

Crack  initiation  and  growth  is  a major  cause  of  failure  of  high  performance 
strtu’tural  components  and  a major  source  of  difficulty  to  the  designer.  Given  the 
t)bvlouH  seriousness  of  the  fatigue  cracking  problem,  the  Air  Force  has  directed 
designers  to  demonstrate  that  service  lives  of  critical  components  will  tolerate 
the  presence  of  cracks  of  specified  slises  and  shapes.^^  A 1971  review  of  air- 
craft structural  failure  showed  that  cracks  which  began  at  fastener  holes  were  the 

(1-2) 

primary  causes  of  one-third  of  early  failures.  The  structural  designer  faces 
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a situation  when*  an  essential  eoniponent  ot  Jeslgn — the  fastener — might  be  respanslble 
fi'T  the  failure  ol  his  design.  It  Is  deslrabie,  obviously,  to  lessen,  through  overjil  I 
design  improvement  and  also  in  the  speoifie  development  of  fastener  systems,  the 
tendi-ncy  for  tal lures  to  begin  at  the  fasteners.  The  designer  will  gain  freedom, 
eonfidence,  aiul  reputation;  costs  will  be  reduced;  and  higher  performance  standards 
for  ^^tructures  will  be  established. 

One  class  of  techniques  for  Improving  the  fatigue  performance  of  fasteners  is 
to  plastically  deform  the  hole  prior  to  or  during  installation  of  the  fastener. 

Several  proprietary  scheiik?s  have  been  Invented  for  accomplishing  this  coldworking 
of  the  hole  in  an  efficient  way.^*  While  evidence  supports  the  assertatlon  that 

coldworking  Improves  fatigue  lives, the  degree  of  improvement  for  a given 
degree  and  mode  of  coldworking  Is  still  not  settled. 

from  the  designer's  poltvt  of  view,  the  problem  is  to  establish  that  the 
fatigue  life  of  his  design  la  not  Influenced  by  certain  flaws  at  the  coldworked  hole. 
Experimental  Justification  In  every  design  situation  is  far  from  feasible.  The 
preferred  approach,  as  usual.  Is  to  develop  analytical  tools  which  can  be  used 
universally  and  to  show  that  these  tools  give  correct  results  in  many  different 
situations  which  can  be  modelled  by  experiments  or  verified  by  extensive  service 
testing  under  controlled  conditions.  Indeed,  most  such  analytical  approaches  will 
use  empirical  factors  which  are  derived  from  experiments  on  known  cases  to  get  around 
problems  caused  by  Incomplete  solutions,  questionable  mathenuit leal  nuidellng,  or 
intractable  mathematics.  Thus  are  gained  the  benefits  of  optimum  Joining  of  theory, 
computation,  and  experiment. 

Such  design  procedures  for  coldworked  holes  are  still  in  the  early  stages  of 
development.  Tt  is  not  within  the  scope  of  this  investigation  to  discuss  existing 
work  in  detail,  but  mention  of  certain  aspects  of  analytical  models  will  serve  ns 
partial  Justification  of  the  current  effort.  iJrnndt^^  and  Urandt  and  Callagher, 
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tor  example,  have  adapted  the  methods  of  fracture  mechanics  to  develop  procedures 
to  account  for  the  effects  of  coldworklng  at  fastener  holes.  Their  approach  has 
been  tested  to  a limited  degree  by  Cathey^^  and  by  Grandt  and  Hinnerichsf^ 

The  fracture  meciianics  calculation,  and  probably  any  other  analysis  scheme  which  could 
be  devised,  requires  knowledge  of  the  stress  field  around  the  nonf lowed  hole  after 
coldworking. 

Little  Inforimitlon  exists  about  stress  fields  induced  by  the  inelastic 
radial  expansion  of  holes.  Several  applicable  theories  have  been  formulated,  but 
they  remain  relatively  untested.  Noteworthy  in  this  respect  is  the  work  of 
Sharpe^^”^^^  who  has  drawn  together  existing  theoretical  models  and  performed 
experiments  to  test  them.  Chandawanlch  and  Sharpe^^  and  Poosok  and  Sharpe^^  ^ 
have  extended  this  program  in  various  aspects.  Among  other  theoretical  approaches, 
tliey  checked  the  simple  solution  devised  by  Potter  and  Grandt as  well  as  the 
measurements  and  finite  difference  solution  of  Adler  and  Dupreef^  A simple 

experimental  and  analytical  study  of  interference-fit  fatigue-rated  fasteners  has 
been  reported  by  Ford  and  coworkers, 

The  studies  mentioned  above  are  limited  in  one  aspect  that  seems  important. 

They  cover  only  a very  limited  range  of  levels  of  coldworking.  The  values  used 
center  around  the  value  (6  mils  total  radial  interference)  which  in  the  industry 
is  believed  optimum,  although  only  minimum  evidence  exists  to  show  that  this 
value  gives  the  best  fatigue  improvement.^^  Existing  information  about 

the  stress-strain  field  is  not  sufficient,  then,  to  adequately  test  the  relevant 
theories.  Neither  can  one  assess  the  effects  of  normal  industrial  dimensional 
tolerances  upon  cither  the  fatigue  performance  or  the  design  procedures. 

The  experimental  investigation  described  In  this  report  was  undertaken  to 
close,  to  a degree,  this  gap  in  our  knowledge.  It  is,  of  course,  not  possible  to 
measure  stress  directly.  Given  knowledge  of  the  mechanical  properties  of  the 
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material,  it  is  possible  to  derive  a picture  of  the  stress  field  from  a map  of  the 
strain  field.  In  fact,  such  an  approach  is  probably  most  meaningful  since,  owing 
to  the  imposition  of  displacement  boundary  conditions  (radial  interference  minus 
springback)  on  the  hole  boundary,  the  strain  field  can  be  expected  to  be  less 
dependent  upon  material  properties.  That  is,  it  should  be  possible,  within 
reasonable  limits  of  accuracy,  to  assume  that  the  strain  field  measured  for  one 
aluminum  alloy  is  valid  for  a similar  but  different  alloy;  whereas  the  stress  fields 
might  be  quite  different. 
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SECTION  II 
SCOPE  OF  STUDY 


1.  SUMM/\RY  OF  PARAMETERS 

As  stated  In  Section  I-l,  the  objective  of  this  investigation  was  to  measure 
residual  surface  strain  fields  created  by  coldworking  fastener  holes  to  various 
degrees  which  might  be  appropriate  for  industrial  applications. 

The  coldworking  process  and  apparatus  marketed  by  J.O.  King,  Inc.,  711 
Trabert  Avenue,  N.W. , Atlanta,  Georgia,  30318,  U.S.A.,  was  the  only  one  considered. 

The  restriction  to  commercially  available  sizes  of  reamers,  fastener  sleeves, 
and  coldworking  mandrels  limited  the  spectrum  of  coldworking  levels  to  the  follow- 
ing magnitudes  of  radial  interference  (mandrel  radius  plus  sleeve  thickness  minus 
hole  radius): 

3.8  mils  “ ,097  mm 

4 . 1 mils  . 10  mm 

5.6  mils  ■ .14  mm 

6.0  mils  “ .15  mm 

6.6  mils  ••  .17  mm  (2  specimens) 

7.2  mils  ■ .18  mm 

7.8  mils  “ .20  mm 

Attention  was  focussed  mainly  on  the  radial  strain  component,  but  tangential 
strain  maps  are  reported  for  two  levels  of  radial  interference  (5.6  mils  and  7.2  mils). 
Tl>e  effects  of  remote  loads  upon  the  strain  fields  are  not  considered  here.  A 
study  of  the  effects  of  large  compression  In-plane  loads  was  undertaken  as  a part 
of  the  larger  project.  The  results  arc  described  in  another  report. 

Although  some  measurements  were  performed  upon  both  sides  of  some  specimens, 
the  results  for  the  side  contnl^ng  the  sleeve  anvil  were  not  conclusive  because 
the  presence  of  the  anvil  made  it  Impossible  to  do  measurements  close  enough  to 
the  hole.  These  results  are,  therefore,  ignored  in  this  report. 
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All  measurements  were  done  on  specimens  of  Inch  (6.3  mm)  thickness  using 
holes  of  'i.  Inch  nominal  size.  The  only  material  used  was  7075  T-6  aluminum  alloy 
plate  manufactured  by  Alcoa  Corp. 

Care  was  taken  to  select  fasteners  having  uniform  wall  thickness,  and 
holes  and  mandrels  were  measured  carefully:  otherwise  the  machining  and  coldworking 
procedures  approximate  those  which  might  be  found  In  a typical  industrl^^l  facility. 
Mandrels  and  holes  showed  some  degree  of  eccentricity,  and  the  holes  showed  the 
slight  eccentricity  which  Is  typical  of  hand  reaming.  Average  values  of  sizes  were  used, 
and  the  eccentricity  and  taper  effects  were  expected  to  enlarge  the  scatter. 

2.  SHORT  DESCRIPTION  OF  APPROACH 

A sophisticated  moire  technique  was  devised  and  used.  Coatings  were  applied 
to  each  specimen  with  photoresist  and  photographed  using  high-resolution  techniques 
before  and  after  coidworking.  The  developed  photo  plates  were  superimposed  with 
previously  prepared  submaster  gratings  of  various  spatial  frequencies  in  a 
coherent  optical  data  processor  so  as  to  gain  sensitivity  multiplication  and 
useful  pitch  mismatch.  The  resulting  fringe  photographs  were  enlarged,  and  the 
fringe  positions  recorded  in  digital  form  using  a computer-digitizer  unit. 

The  digital  data  was  processed  by  computer  to  obtain  surface  displacement  and 
strains.  These  results  were  summarized  in  various  plotted  modes  through  use  of 
digital  computer  graphical  facilities. 
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SECTION  III 

CHOICE  OK  METHOD  OF  INVESTICATION 

1.  KEl)UlRI>tENTS  TO  BE  MET 

rho  problom  ot'  moasurlnj;  t?tralns  In  the  vicinity  of  a coldworked  hole  is  one 
wliicli  severely  taxes  any  of  rhe  common  techniques  of  experimental  strain  analysis. 
Ch.iract er  1st Ics  of  the  strain  field  which  must  be  considered  when  planning  an 
approach  to  this  measurement  problem  include: 

a.  The  strain  magnitudes  range  from  about  lOS  compression  to  about 
At  tension. 

b.  There  is  considerable  out  of  plane  displacement  and  rumpling  of  the 
surface  In  the  plastic  zone. 

c.  The  strain  gradient  Is  large  In  the  region  of  interest  near  the  hole. 

d.  The  area  of  prime  Interest  Is  close  to  a boundary. 

o.  The  fastener  sleeve  protudes  slightly  from  the  surface. 

In  addition,  the  method  should  give  a whole-field  nvipplng  of  the 
two  prljuTpal  strain  components.  Tlie  principal  directions  can  be  established 
from  the  symmetry  (near-symmetry  in  the  physical  problem)  of  tlie  straiti  field. 

2 . CHOSEN  APEROACH 

One  of  several  possible  variations  of  the  moire  technique  appeared  to  satisfy 
best  the  conditions  of  the  measurement  problem.  The  method  Is  whole-field  and 
noncontact Ing  in  the  variation  chosen;  it  offers  the  possibility  of  changing 
sensitivity  after  the  r.aw  data  has  been  recorded  and  examined  and  it  can  yield 
correct  results  in  regions  of  high  strain  gvadlent  and  near  boundaries.  The  moire 
method  has  been  studied,  refined,  and  used  for  a long  time;  its  procedures  and 
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pittiills  have  been  well  explored.  Important  disadvantages  include  the  general  low 
sensitivity  of  basic  simple  moire  techniques  for  problems  involving  metals,  the 
problems  and  errors  associated  with  the  necessity  to  differentiate  the  moire 
displacement  data  to  determine  strains,  and  the  general  difficulty  and  tediousness 
of  the  method  in  comparison  with,  for  example,  resistance  strain  gages. 

1.  PROCEDURE  OUTLINE 

The  decision  was  to  utilize  the  moire  technique  with  gratings  of  1000  lines 
per  inch  (Ipl)  or  39.4  lines  per  millimeter  (llnes/mm)  applied  to  the  specimen 
using  a photoresist  coating.  Because  the  specimen  surface  does  not  remain  flat,  a 
noncontacting  procedure  was  developed  which  called  for  photographing  a magnified 
lm;»go  of  the  specimen  grating  before  and  after  the  coldworking  process.  These 
grating  photographs  were  superimposed  with  one  or  more  master  gratings  in  an  optical 
Fourier  processor  in  order  to  form  separate  baseline  and  data  moire  fringe  patterns. 
Fringe  multiplication  and  pitch  mismatch  were  introduced  during  this  processing 
stage  in  order  to  obtain  increased  sensitivity  and  to  simplify  the  interpolation 
required  in  subsequent  data  processing.  The  moire  fringe  orders  and  positions  along 
the  chosen  axes  were  obtained  from  the  photographs  in  digital  form.  Dlt.placement 
and  strain  distributions  were  generated  and  plotted  using  a digital  computer.  Several 
trials  of  the  digitizing  and  analysis  processes  were  made  for  each  fringe  pattern, 
and,  usually,  several  different  fringe  patterns  were  created  for  each  specimen. 

The  results  of  the  various  trials  were  studied  separately  for  errors  and  consistency, 
after  which  they  were  averaged  to  obtain  final  strain  plots. 
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SECTION  IV 
SPECIMENS 


1.  MiMERlAl. 

All  tho  specimens  used  In  this  study  were  cut  from  n single  plate  of  7075-T6 
aluminum  alloy  In  Inch  (6. A mm)  thickness.  This  sheet  Is  the  same  stock  as 
that  used  by  Adler  and  Dupree^^  and  Sharpe, and  It  was  nor  believed 
necessary  to  check  their  measurements  of  material  properties.  Also,  direct 
comparlsvins  with  their  data  may  be  made  without  allow.ance  for  nuiterial  variation. 

CONFlCURiUION 

TVo  typos  of  specimens  were  vised;  both  are  pictured  in  KlgurcA.l.  Tho  design 
v.‘ith  two  holes  was  adopted  as  a means  of  saving  nuiterial.  Data  from  previous 
analytical  .md  experimental  studies  suggested  that  tho  strain  fields  in  the  important 
region  within  2 hole  diameters  of  the  hole  would  not  be  affected  by  the  other  hole 
or  the  edges  of  the  specimen.  The  data  from  this  study  seem  to  support  this  Idea. 

The  outside  dimensions  of  the  specimens  were  fixed  by  the  facilities  available  for 
loaiUng  the  specimens  in  the  parallel  study  of  the  effects  of  various  remote  loading 
conditions  upon  tho  strain  field. 

In  moire  work  where  several  stages  of  photographic  processing  are  used.  It  Is 
very  Important  to  have  adequiito  fiducial  marks  .and  Identity  labels  on  the  sv>oc,lmen 
surface.  Typical  marking  patterns  employed  In  this  Investigation  are  shown  on  the 
specimen  drawings  of  Figure  A.l.  Tlie  methods  used  to  apply  them  are  described  at  the 
end  of  the  next  section. 

Since  there  were  some  Inconsistencies  in  tho  preparation  of  tho  several  speclnK'ns, 
It  was  mandatory  that  actual  hole  sizes  and  fiducial  locations  be  measured.  These 
values  wore  obtained  by  ordinary  gaging  and  with  a toolmakers  microscope,  and  the 
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values  were  recorded  for  later  use  in  calculating  scaling  factors  for  the  data 
processing  procedures. 

3.  SPECIMEN  PREPARATION 

The  specimens  were  rough  sawn  from  the  stock  sheet  and  the  edges  milled  to  size. 
External  corners  were  chamfered  lightly.  In  most  cases,  the  hole  centerlines  were 
then  marked  and  the  holes  centerpunched  and  then  drilled  on  a press  to  a size  large 
enough  to  accept  the  reamer  pilots.  In  some  cases,  the  remaining  fiducial  marks  were 
then  scribed  and  the  holes  reamed  before  rough  and  final  polish.  Other  specimens  had 
the  final  reaming  done  before  polishing,  with  the  scribing  and  labelling  of  fiducial 
marks  performed  after  polish.  Completion  of  the  scribing  before  drilling  and  reaming 
was  not  entirely  satisfactory  because  the  holes  tend  to  drift  from  center;  and  it 
seems  better  to  locate  the  fiducial  marks  from  the  final  hole  edge  using  toolmakers 
gaging  equipment.  These  differences  were  not  i ;rious,  however,  as  the  final  locations 
of  important  features  were  alw.''.ys  measured  in  the  final  stages  of  preparation. 

Reaming  after  polishing  proved  entirely  unsatisfactory  as  it  tended  to  raise  a 
troviblesome  burr  around  the  finished  hole.  On  the  other  hand,  polishing  after  reaming 
tended  to  round  the  edges  of  the  hole  slightly.  This  condition  was  observed  to 
exist  In  a small  degree  in  several  of  the  specimens  used,  and  it  might  contribute  to 
scatter  of  the  strain  measured  in  the  near  vicinity  of  each  hole,  happing  of  the 
■specimen  surfaces  instead  of  metallurgical  polisliing  should  eliminate  the  problem. 
Otherwise,  very  careful  polishing  technique  must  be  observed. 

In  this  study,  specimens  were  rough-polished  through  several  grades  of  emery 
cloth  and  metallurgical  preparation  paper.  They  were  then  polished  with  successively 
finer  grades  of  diamond  emery  on  cloth  polishing  wheels.  Given  the  size  of  the 
specimens  in  relation  to  thickness  and  relative  to  the  size  of  the  polishing  discs. 

It  proved  impossible  to  obtain  a surface  having  uniform  "grain"  over  the  whole 
extent  of  the  important  areas  of  the  specimen.  As  a result,  light  scattering  and 
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ri'f  loot  Ion  proportion  v.irloil  from  point  to  point.  Thoso  nurlnoo  v.Trtiitlonn  c.uinotl 
p,ro;it  trouhlo  in  obtnlninR  uniformly  oxpoHod  photop.r.iphn  of  tho  npoolmcn  iiK>iro 
gr.itlnRH,  a.H  nniy  bo  noon  In  tho  molro  fringo  photograplm  Ulsplayotl  later  In  thin 
report.  Thin  effect  was  serious  In  view  of  the  stringent  nature  of  the  hlgh-resolutlon 
photography.  A worthwhile  simplification  and  Improvement  In  overall  efficiency  of 
the  itKilre  procedure  would  be  effected  by  adoi>tlon  t>f  .1  lapping  technique  which  would 
produce  a truly  flat  surface  with  a uniform  flue  matte  flulsh. 

The  fiducial  marks  were  applied  In  various  ways.  the  early  stages  of  the 

program,  they  were  scribed  by  the  usual  machinist's  technique  of  gaging  and  scribing 
with  a vernier  height  gage  resting  on  .1  surface  plate.  Markings  so  produced  tended 
to  be  f.alrly  deep  and  were  fovind  to  either  disturb  the  strain  field  *>r  to  make  fringe 
counting  .and  locating  difficult.  So,  the  later  specimens  hail  the  fiducial  marks 
lightly  scratched  Into  the  surface  with  a sharp  pocketknlfe  guided  by  a steel  rule. 

Some  of  these  fine  scratches  wore  found  to  vanish  In  one  or  another  of  the  photo- 
graphic stages.  They  wore,  therefore,  usually  highlighted  and  Identified  with 
"l>resatype"  lettering  to  facilitate  locating  them  on  the  fringe  photographs.  This 
procedure  was  not  uniformly  successful,  and  a better  method  of  establishing  fiducial 
locations  should  be  sought  before  future  work  of  this  sort  Is  undertaken. 

After  final  polishing  and  scribing  of  the  fiducial  marks,  the  nwlre  gratings  were 
printed  onto  the  spectmeii  using  photoresist.  The  procedure  Is  described  along  with 
the  rest  of  the  nxilre  techniques  In  the  next  section  of  this  report. 

Subsequent  to  appllc.atlon  of  the  gratings,  the  fiducial  nwu'ks  were  touched  up  It 
needed,  and  Identifiers  and  code  marks  were  applied  with  presstype  lettering.  The 
precoldwork  hole  size  was  determined  by  several  replications  of  meas»iremont  wtih  a 
hole  gage  and  mlcr«imcter.  In  most  cases,  a nwip  of  the  fiducial  marks  In  relation  to  the 
hole  was  established  at  this  point  by  utilization  of  a Zeiss  toolmaker's  microscope. 

The  specimen  was  then  ready  for  recording  a baseline  moire  grating  photograph  and  s»d>se- 
(pient  coldworking  of  the  hole. 
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COLDWORKING  PROCESS 

The  colclworklng  apparatus  and  procedure  studied  in  this  investigation  are  shown 
which  have  been  developed  and  marketed  by  J.  0.  King,'  Inc.,  711  Trabert  Avenue,  N.  W. , 
Atlanta,  Georgia,  30318.  In  this  process,  which  is  the  same  one  studied  by  Sharpe^^ 
and  Adler  and  Dupree, ^ ^ a lubricant-coated  stainless  steel  sleeve  which  carries 
an  anvil  on  one  end  is  Inserted  Into  the  hole.  A tapered  mandrel  is  placed  inside 
the  sleeve  and  pulled  through  while  the  sleeve  is  supported  on  the  anvil.  The  mandrel 
enlarges  the  sleeve  and  expands  the  hole  enought  to  cause  plastic  deformation  of  the 
adjacent  material.  The  sleeve  remains  in  the  hole,  but  the  anvil  drops  off.  Figure 
A. 2 shows  details  of  the  mandrel izlng  process. 

Wlnile  it  was  desired  that  a close  approximation  to  the  industrial  process  be 
the  subject  of  these  experiments,  it  was  also  necessary  that  a reasonable  degree  of 
replication  of  procedure  and  coldworking  parameters  be  utilized  In  order  to  gain 
understanding  of  the  fundamental  process.  In  particular,  the  degree  of  coldworking 
should  be  known  with  good  accuracy  and  the  plastic  deformation  should  be  symmetrical 
with  respect  to  the  hole  axis.  These  conditions  are  not  trivial,  as  the  actual  degree 
of  coldworking  cannot  be  measured  directly  owing  to  the  presence  of  the  sleeve  and 
the  three-dimensional  nature  of  the  raandrellzlng  process.  It  is  convenient  and 
customary,  therefore,  to  report  results  in  terms  of  the  radial  interference  between 
tlio  hole  and  the  sleeve  thickness  plus  mandrel  diameter.  The  calculation  is  based  upon 

4 

measurements  of  hole  size,  sleeve  thickness  and  maximum  mandrel  diameter.  The  sleeve 
thickness,  in  turn.  Is  computed  from  separate  measurements  of  the  outer  and  inner 
diameters.  Clearly,  the  problem  of  establishing  radial  interference  is  not  well- 
conditioned  owing  to  the  buildup  of  uncertalnity  Involved  in  determining  the  small 
differences  between  several  large  measured  quantities.  A further  uncertainty  in  the 
degree  of  coldworking  la  caused  by  the  elastic  springback  of  the  material  after  the 
mandrel  has  passed  through.  The  springback  would  seem  to  be  a function  of  material. 
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nuindrol  taper  profile,  and,  perhaps,  the  rate  of  drawing  of  the  mandrel.  The  final  inner 
diameter  of  the  sleeve  gives  some  indication  of  the  actual  coldworking  which  has 
been  Imposed,  and  it  serves  as  a check  on  the  other  measurements  if  it  is  assuna'd  that 
the  sleeve  thickness  is  not  reduced  by  the  heavy  pressures  involved. 

The  first  step  in  the  coldworking  process,  then,  was  to  measure  each  reamed  hole, 
sleeve  inner  and  outer  diameters,  and  mandrel  sizes.  It  was  found  that  sleeve 
thickness  varied  from  sleeve  to  sleeve,  and  sometimes  within  a sleeve;  this  last 
mentioned  characteristic  being  manifested  as  a taper  in  thickness  from  one  end  to  the 
other.  The  measuring  process  was  complicated  by  the  lack  of  roundness  of  most  of  the 
sleeves,  which  appear  mainly  in  the  portion  farthest  from  the  anvil  end  and  which 
should  not  affect  perfornuince  of  the  sleeve.  Because  of  these  variations,  a number 
of  sleeves  were  measured  to  obtain  approximate  average  values  of  the  inner  and  outer 
diameters.  The  sleeves  required  for  the  experiment  were  then  selected  from  an  entire 
box  of  100  pieces  based  upon  the  requirement  that  their  diameters  had  to  be  within  a 
few  tenths  of  a mil  of  the  average  values  establlslied.  The  average  sleeve  thickness 
was  found  to  be  .00845  inches  (.215  ram),  which  essentially  equals  the  optimum  value  of 
.0085  In.  specified  by  the  J.O.  King,  Inc.,  literature,  and  which  is  approximately 
.001  thicker  than  the  sleeves  used  by  Sharpe^^  and  by  Adler  and  Dupree. 

The  mandrels  provided  were  found  to  have  different  profiles  in  the  tapered  portion, 
wlilch  might  have  led  to  consistent  variation  of  data  between  specimens  because  of 
differing  relative  Influences  of  three-dimensional  effects  during  the  coldworking 
process.  There  was  also  up  to  one  mil  eccentricity  in  the  cross  section  of  the 
various  mandrels.  These  two  sources  of  variability  were  Ignored  except  to  look  for 
qualitative  effects,  such  a lack  of  symmetry  of  the  strain  field,  in  the  results. 

Tl>e  assortment  of  reamers  and  mandrels  on  hand  allowed  the  use  of  only  a limited 
number  of  Interference  levels  and  degrees  of  coldwork  between  3.8  mils  (.097  mm) 
and  7.8  mils  (.20  mm)  radial  interference.  T„ble  4.1  summarizes  the  measurements  taken, 
tlie  calculated  values  of  resultant  radial  Interference,  and  the  residual  radial 
expansion  for  the  samples  used.  Given  the  methods  of  measurement,  the  varlahllities 
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Notes:  A.  Sleeves  for  C1-C8  «ere  .00845  Wall  Thickness. 

Sleeves  fot  C9.  CIO  wer^  .00325  Wall  Thickness. 
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mentioned  above,  and  the  apparent  consistency  of  the  final  results,  one  Is  led  to 
conclude  that  the  uncertainty  in  the  reported  radial  interference  would  be  about 
+.0005  Inches  (.01  mm).  Since  sleeves  of  inch  (6.35  mm)  nominal  shank  lenKth 
were  not  in  stock  at  the  time,  S inch  (12.7  mm)  ones  were  cut  off  on  a lathe  to  1 7/64 
inches  (6.75  mm)  length  and  the  inside  corner  lightly  chamfered. 

The  mandrclizlng  of  each  hole  was  accomplished  by  use  of  u frame  and  mandrel 
mounted  in  an  Instron  testing  machine.  Crosshcad  speed  of  the  Instron  during 
pulling  of  the  mandrel  was  0.2  Inches/mlnute  (5  mm/mlnute).  The  time-load  history 
of  the  mandrel-pulling  process  was  recorded  on  the  Instron  chart.  Figure  4.3  Is  a 
typical  record.  The  maximum  mandrellzlng  load  for  each  sample  Is  shown  In  Table  4.1. 
Pathological  behavior,  such  as  slipping  of  the  sleeve  in  the  hole,  was  signaled  by 
unusual  serration  In  the  load  recorded  by  the  Instron  machine. 

Slippage  of  the  sleeve  In  the  hole  and  subsequent  splitting  and  extrusion  of  the 
sleeve  from  beneath  the  anvil  was  very  much  a problem  In  this  study.  Two  specimens  had 
to  be  discarded  completely  as  a result  of  this  behavior.  In  3 specimens,  failure  of 
the  process  began  early  on,  which  meant  that,  since  the  sleeve  was  withdrawn  from  the 
hole  with  the  mandrel,  little  coldworking  was  accomplished.  In  such  cases,  a 
new  sleeve  wa.s  installed  and  the  expansion  process  restarted.  Table  4.1  Indicates 
all  these  deviations  from  normal  coldworking  procedure.  Note  that  In  Specimen  C9 
there  were  two  failures  before  a successful  coldwork,  and  this  final  coldworking  was 
unusual  In  that  the  sleeve  slipped  about  1/32  Inch,  ending  with  the  tip  of  the  sleeve 
about  1/64  Inch  below  the  specimen  surface.  It  seemed  that  such  a failure  would  result 
in  a smaller  degree  of  coldwork,  especially  In  the  surface  where  strains  were  being 
measured.  The  decision  was  to  complete  the  study  of  this  specimen  to  see  If  It  gave 
reasonable  results.  They  turned  out  to  be  entirely  consistent  with  the  results  from 
the  other  specimens, and  the  results  are  Included  in  this  report  without  any  special 
flagging.  A tentative  conclusion  Is  that  a small  amount  of  chamfering  of  the  hole, 
such  ns  was  blamed  by  Adler  and  Dupree^^  for  results  which  they  thought  question- 
able, would  not  seriously  affect  the  strain  field  except,  perhaps,  within  10  mils  or 
.so  from  the  hole  boundary. 
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CROSSHEAD  MOTION  as  MANDREL  DISPLACEMENT,  INCHES 


SPECIMEN  Cl 

CROSSHEAD  SPEED  0.2  INCH/MINUTE 
CHART  SPEED  I INCH/ MINUTE 
CHART  LOAD  CALIBRATION  500  LB/INCH 
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The  many  failures  of  the  mandrelizing  process  lead  one  to  question  the  effective- 
ness of  the  procedure.  There  appeared  to  be  three  contributing  factors.  The  first  and 
most  important  is  that  the  mandrels  supplied  were  quite  soft.  The  sleeve  edge  seemed 
to  bit  into  the  nuindrel  surface,  and  the  surface  of  used  mandrels  did  show  evidence 
of  scuffing  and  galling.  Another  factor  might  be  that  much  of  the  lubricant  Installed 
by  the  manufacturer  was  removed  as  the  sleeve  was  measured.  Related  to  this  is  the 
fact  that  the  protective  coating  on  ttie  sleeves  was  removed  at  the  inside  entering 
corner  when  the  sleeves  were  trimmed  to  length.  These  last  two  factors  did  not  seem 
important  in  that  Informal  experiments  with  lubricants  and  polishing  to  reduce  friction 
between  sleeve  and  mandrel  caused  no  discernible  Improvement.  Properly  hardened  and 
polished  mandrels  would  probably  solve  the  problem. 
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SECTION  V 

MOIRE  MEASUREMENT  OF  STRAIN 


Tills  section  discusses  the  moire  measurement  procedure  through  the  stage  of 
creating  the  nnilre  fringe  patterns.  The  reduction  and  analysis  of  the  fringe  data 
is  described  in  Section  VI. 

Section  V.  1 is  a short  summ.'iry  of  the  procedure;  the  remaining  sections  describe 
each  step  in  detail. 

1.  SHORT  SUMMARY  OF  PROCEDURE 

The  measurement  by  the  moire  technique  of  the  displacement  and  strain  fields  near 
coldworked  holes  entailed  the  following  steps: 

a.  Master  gratings  of  1000  lines  per  inch  (Ipl)  (39.4  llnes/mm)  were  obtained 
and  reduced  photographically  to  create  a set  of  working  submasters  of  various 
grating  frequencies  including  the  fundamental  frequency. 

b.  The  specimen  surface  was  cle.'ined  thoroughly. 

c.  A thin  coating  of  photoresist  lacquer  was  sprayed  onto  the  specimen  with 
an  airbrush  and  the  coating  dried  in  low  heat. 

d.  A submaster  graing  was  clamped  to  the  coated  specimen  and  the  assembly 
exposed  to  unflltered  radiation  from  a mercury  lamp  in  order  to  produce  a contact 
image  of  the  grating  in  the  resist. 

e.  The  exposed  photoresist  was  developed. 

f.  The  fiducial  marks  were  touched  up,  hlghl ightcd,  and  Identity  labels  applied. 

g.  The  specimen  was  placed  in  a holder  and  the  grating  photographed  at  low 
nuign  I f icat  ion  (1.3.X) 

h.  The  hole  In  the  specimen  was  coldworked. 
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i.  The  speeltnt'n  was  returned  to  the  holder  and  the  gralng,  now  deformed  by  the 
eoldworklng,  was  photographed  again. 

,1 . The  photographic  plate  of  the  undeformed  grid  was  superimposed  with  a 
submaster  grating  having  a spatial  frequency  of  H (sometimes  2)  times  the 
trequency  of  the  nutgnified  specimen  grating  plus  or  minus  a snutll  frequency 
mismatch. 

k.  I'he  .assembly  was  placed  in  a coherent  optical  processor  .and  adjusted  to 
produce  the  correct  baseline  (zero  strain)  fringe  pattern  at  the  processor  output. 
This  fringe  pattern  was  v'hotographed. 

l.  Steps  1 and  k were  repeated  with  the  deformed  grating  photoplate. 

m.  Steps  J-1  were  repeated  with  other  subnuister  gratings  to  produce  frlitge 
patterns  having  different  pitch  mismatch,  and,  in  some  cases,  different 
sensitivity  multiplication  factors.  On  the  average  about  3 such  sets  of  baseline 
and  data  fringe  patterns  were  produced  for  each  coldworked  specimen. 

n.  The  fringe  patterns  were  enlarged  and  printed  in  8x10  inch  size  with 
nu'dlum-hlgh  contrast  processing. 

o.  The  prints  of  the  fringe  patterns  were  sorted  and  coded  for  Identification 
during  the  data  analysis  procedure. 

MASTKK  AND  SUBMASTER  GRATINGS 
- • * Master  Grating 

A grating  having  a spatial  frequency  of  1000  Ipl  (39.4  lines/mn)  on  a 4 inch  by 
4 Inch  glass  substrate  was  obtained  from  Photola.stlc  Inc.  of  Miilvern,  Pa.,  for  use 
as  a master  gratlitg.  This  grating,  which  comes  movinted  in  an  aluminum  fr.'ime,  is 
designed  for  use  in  a moire  camera  for  real-time  fringe  observation,  and  it  is  tiol 
mt'ant  to  serve  as  a master  copy.  Indeed,  the  grating  proved  to  be  of  marginal  quality 
for  such  a purpose.  It  contained  many  pinholes  and  both  local  and  gross  variations  of 
density  which  were  similar  in  appearance  to  fogging  of  photographic  films.  Tliese 
transmittance  variations,  in  particular,  made  it  difficult  to  obtain  good  submaster 
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copies  and,  suljse<iiiont]y , affoctod  the  quality  of  the  gratings  printed  onto  the 
specimens.  For  lack  of  any  other  master  grating,  subnusters  nuule  from  It  uere  used 
for  most  of  this  study.  Also  utilized  were  two  high-quality  submastor  copies  In  1000 
Lpl  obtained  from  Nopporn  Chandewanich , a Ph.D.  student  at  Michigan  State  University. 
These  copies  liad  been  taken  from  another  Photolastlc,  Inc.  nuister  of  bettor,  but  still 
marginal,  quality.  The  final  stages  of  the  investigation  were  carried  out  with  2 inch 
by  2 inch  subinastevs  in  1000  lpl  made  by  Mr.  Chandawanlch  from  a metallic  film  miuster 
grating  of  superb  quality  provided  by  Graticules  Ltd.,  Tonbridge,  TN91RN,  Kent, 
England.  These  two  additional  1000  lpl  gratings  were  used  only  for  exposing  the 
pitotoresist  on  specimens  C9  and  CIO.  They  were  not  utilized  in  the  grating  super- 
position-optical data  processing  stages,  since  gratings  of  higher  spatial  f requench 
are  required  for  that  purpose.  The  high  frequency  submasters  had  already  been  made 
by  photographing  the  original  master.  It  is  reasonable  to  expect  that  better  fringe 
patterns  could  have  been  obtained  had  submaster  copies  in  the  higher  frequencies  been 
made  from  a master  grating  which  was  more  uniform  and  of  higher  contrast. 


2 . 2 Producing  Submaster  Gratings-Oontact  Copies 

The  making  of  1:1  copies  of  moire  gratings  for  submasters  and  for  printing  on  the 

specimen  has  been  thoroughly  explored  and  explained  by  Luxmoore,  Holister,  and 
(5““l  5"3) 

liermann,  ' and  by  Straka  and  I’lndera^  among  others.  The  techniques 

described  in  these  roferences  have  been  used  in  this  study  with  cect.iin  modifications. 

Contact  copies  of  the  IMiotolastic  roaster  were  made  by  a method  similar  to  that 
(5-5) 

used  by  Chaing  on  Kodak  High  Kosolutlon  Plate  (HRP)  using  a Durst  enlarger 

head  with  a 150  mm  Schneider  lens  at  f 5.6.  A sketch  of  this  setup  is  shown  in 
Figure  5.1.  There  are  several  noteworthy  features  in  this  arrangement.  First,  the 
light  rays  falling  on  the  master  and  photo  plate  are  not  collimated  ns  Is  often 
thought  necessary.  It  is  not  a source  of  error  here  because  of  the  small  equivalent 
source  size  and  the  intimacy  of  the  contact  between  the  master  and  the  photoemulsion. 
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DURST  ENLARGER 
CONDENSER  LENSES 
INSTALLED  AS  FOR 
PRINTING  PLATE 
AT  11 


— SCHNEIDER  LENS 
ISO  mfT.  SET  AT  (6.6 


r- SMALL  WEIGHTS 

/ 


— MASTER  GRATING 
-XYLENE  LIQUID 

— kodak  high  resolution  plate 

— DULL  BLACK  PAPER 


NOTE  ; HRP  PLATES  ARE  NOT  BACKED.  BLACK  HAPER  ELIMINATES 
FOGGING  BY  REFLECTED  LIGHT. 

EXPOSURE  : APR  6-8  mia  DEVELOP  (2  nuin.  IN  D-19 
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No  spacer  was  used  between  the  two  to  eliminate  the  diffraction  lines  which  appear  if 
monochromatic  light  is  used.  The  emulsion  of  the  HRP  was  placed  in  contact  with  the 
emulsion  side  of  the  master  and  held  by  small  weights  on  the  enlarger  easel.  Only 
a thin  film  of  index-matching  fluid  (xylene)  was  placed  between  the  two  to  reduce 
the  effects  of  possible  lentlculatlon  In  the  master.  Diffraction  lines  did  not 
appear  because  white  light  from  the  enlarger  head  was  used.  This  procedure  was 
originated  as  a means  of  reducing  exposure  times,  which  still  amounted  to  8 minutes 
with  a lengthy  12  minute  development  of  the  HRP  In  D-19  (HRP  developer  being  unavailable 
at  the  time).  The  resultant  ratio  of  line  width  to  space  width  in  the  grating  copies 
was  about  0.7,  which  is  a bit  on  the  low  side  for  the  best  moire  work.  The  submasters 
so  obtained  were  quite  good  within  the  limitations  imposed  by  the  master  grating. 

2 . 3 Producing  High-Frequency  Submaster  Gratings 

Direct  photographic  reproduction  was  employed  for  manufacture  of  the  several 
submaster  gratings  having  various  spatial  frequencies  required  for  optical  data 
processing  of  the  specimen  photographs.  Several  each  of  gratings  having  spatial 
frequencies  of  743,  783,  797,  1488,  1492,  1535,  2200,  2225,  2256,  2288,  2999  and 
3049  lines  per  inch  were  produced.  These  values  are  1,  2,  and  3 times  the  fundamental 
spatial  frequency  of  the  specimen  grating  photographs  (1000  Ipl  divided  by  magnification 
used)  plus  or  minus  various  frequency  mismatches.  Figure  5.2  shows  a sketch  of  the 
apparatus  used  and  Figures  5.3  are  photographs  of  the  same. 

The  1000  Ipl  master  grating  was  held  in  a laboratory  clamp  base  and  backlit  with 
light  from  a Kodak  carousel  slide  projector.  A ground  glass  plate  was  placed  about 
3 inches  behind  the  grating  to  scatter  the  incident  light.  The  lens  and  camera  were 
the  ones  used  in  photographing  the  specimen  grating.  The  lens  was  a Goerz  Red  Dot 
Artar  of  9^  Inches  focal  length  and  f9  maximum  aperture.  The  lens  was  mounted  In  a 
Burke  and  James  4x5  "Orbit”  monorail  view  camera  which  was  stiffened  with  angle 
iron  and  weighted.  The  whole  setup  rested  upon  a Gaertner  holography  table  which  uses 
airbag  suspension  for  vibration  Isolation. 
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Camera  to  subject  grating  distances  were  estimated  by  calculation  and 
finalized  by  trial  and  error  to  give  the  sought-for  submaster  grating  frequency  on  the 
photographic  plate.  Focus  of  the  grating  Image  is  very  critical  In  such  a situation 
because  of  the  extreme  resolution  and  contrast  required  of  the  system.  An  ordinary 
camera  ground  glass  is  much  too  coarse  and  may  not  be  exactly  in  the  film  plane. 

For  this  work,  the  ground  glass  was  replaced  by  a developed  and  fixed  unexposed  film 
plate  of  the  same  types  as  were  to  be  used  in  the  photography.  This  focus  plate  was 
held  in  an  ordinary  4x5  plate  liolder  with  the  separator  removed  and  the  assembly 
placed  in  the  camera  back  and  carefully  seated.  All  the  plateholders  which  were 
used  were  checked  to  see  that  their  critical  dimensions  were  uniform.  Critical 
focussing  was  accomplished  with  a handheld  SOX  magnifier  obtained  from  Edmund 
Scientific  Co,  The  magnifier  was  adjusted  so  that  the  emulsion  of  the  focus  plate 
was  In  focus  when  the  magnifier  was  held  against  the  back  side  of  the  plate.  Image 
sharpness  and  parallax  observations  were  both  used  as  focus  criteria,  dye  (magic 
marker)  marks  having  been  put  into  the  emulsion  of  the  focus  plate  for  the  purpose. 

In  some  cases,  a previously  produced  contact  copy  of  the  grating  was  placed  in  the 
platcholder  and  the  sharpness  of  the  moire  fringes  produced  on  this  plate  was  used 
as  the  focus  indicator  as  well  as  an  indicator  of  magnification. 

In  theory.  It  is  best  to  use  the  maximum  lens  opening  for  greatest  sharpness 
and  resolution  In  such  a demanding  situation,  and  this  was  done  for  most  of  the 
grating  copies.  Vignetting  and  light  falloff  in  the  extremes  of  the  field  proved 
serious  enough,  however,  that  it  was  difficult  to  obtain  a completely  satisfactory 
exposure  at  maximum  aperture.  For  this  reason  aperture  settings  of  fll  and  up  to  fl6 
were  utilized  for  some  of  the  copies.  The  slight  softening  of  the  grating  was 
compensated  by  the  more  uniform  illumination  of  the  image.  Some  dodging  was  used  in 
almost  all  the  grating  photography  in  this  investigation  to  reduce  gross  gradiatlons 
in  image  density. 
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Monochronuitic  Ught  Is  usually  prt»f erred  for  hi  Eli-vesolutiou  phoLo^Viiphy  such 
as  this.  Kxpcrlments  along  llieso  lines  showed  Image  degradation  hecause  of  Liu-  very 
Lour  exposures  with  the  Illumination  available,  and  thl.s  approach  was  abandoned. 

The  Gore rz  lens  Is  an  apochroniatlc  type  which  is  well-corrected  for  color,  and  white 
light  proved  best  in  this  application. 

Both  Kodak  Hlglt  Uesolutlon  Plate  (HRP)  and  Kodak  649-P  Spectro.scopic  plate 
(often  used  for  holography)  were  used  for  the  pliotoreduced  siihiiuistor.s . Grain  effects 
were  noticeable  with  the  h/iQ-K  emulsion,  but  the  grtifings  were  sharp  and  of  good 
contrast.  Because  of  ito  higher  speed,  easy  development  and  ready  avallahility 
at  the  time,  the  640-r  nrtterlal  was  used  for  about  90:?  of  the  .suhmasCers. 

For  the  setup  tlescrlhcd,  typical  exposures  were  about  20-30  seconds  at  f9  for 


649-K  with  a heavy  7-8  minute  development  in  0-19.  lIRP  exposures  were  about  one 
mlinite,  sugge.sting  some  reciprocity  ftillure  occurred  at  the  lllumliiittlon  leveKs 


Late  in  the  course  of  the  investigation,  experiment. s were  conducted  to  slu'W  th.at 

a slotted  aperture  technique  devised  by  Forno^"’  and  Burch  am!  Forno^^  could  ho 

extended  to  achieve  improved  photography  of  moire  gratings.  This  Improved  lechni qui‘ 

(S-8)  (5-‘>) 

is  described  in  an  Air  Force  Teohnlciil  Report  ' and  a teclinical  paper.  One 

would  expect  that  utilization  of  this  .slotted  aperture  pliotograph  ic  teclmhiuo  would 
yield  .superior  reproductions  of  both  master  and  specimen  gratings. 


Per formiince  of  the  subnuister  gnitings  were  checked  by  observing  their  diffraction 
of t'lclencies  as  they  were  produced.  It  is  Important  to  realize  tliat  hotli  tl<e  gri'ss 
transmlttaucc  .and  the  diffraction  porforuwnce  of  the  submaster  must  he  "compJ  emi’iit  arv" 
to  those  characterl.stlcs  of  the  speciim*n  grating  photographs  in  tl>e  o|'tlcal  ilata 
proce.sslug  stage.  For  thl.s  reason,  several  different  photop'.ates  of  eacli  snbmasti-r 
spatial  frequency  were  produced.  Exposure  and  development  times  were  v.irleil  in  oiili't 
to  produce  suhnuisters  having  different  properties.  In  general,  the  den.ser  snltmast  I'ts 


proved  more  useful  with  the  specimen  photos  suhso(|uent  ly  produced. 
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To  some  oxtont,  tho  variation  of  density  over  the  extent  of  the  suhnuister  plate 
whleh  resulted  from  eosiiu/*  light  falloff  proved  useful  In  optical  data  processing. 

It  tended  to  counteract  the  nomuil  Oaussian  distribution  of  light  In  Che  expanded  laser 
beam  to  give  a near-uniform  field  in  the  fringe  photographs.  This  effect  was  exploited 
ti>  the  maxi  muni. 

t.  .Sl'KClMKN  CRATINtlS 
1.  I Choice  ol'  Teclin tque 

The  photoresist  approach  to  creating  gratings  on  the  specimens  was  chosen  because 
It  Is  fairly  simple,  requires  minimal  special  equipment,  and  offers  the  possibility 
of  baking  or  etching  the  grating  to  imike  it  resistant  to  damage.  Given  the  severity 
of  plastic  defornuitlon  and  the  attendant  rumpling  of  Che  specimen  surface  near  the 
hole  and  the  potential  for  mechanical  damage  to  the  specimen  during  tlie  various  stages 
of  the  experlnu'nt,  the  etching  capability  seemed  Important.  Etching  the  grating  also 
offers  the  possibility  of  examining  the  strain  field  underneath  the  flange  end  of  the 
sleeve  after  sleeve  withdrawal.  A further  potential  is  that  the  etched  gratings  could 
I'c  used  for  studies  at  temperatures  above  which  the  photoresists  vaporize  or  burn 
away.  The  etching  capability  was  not  needed  within  the  eventual  scope  of  this  study, 
.and  tu'  It  was  not  pursued. 

.\.2  riiotoreslst  and  Its  Application 

rhotoreslsts  for  mi>lre  applications  have  been  studletl  and  described  In  renuirkable 
ilet.ill  by  l.uxmoore,  llollster  and  Heriminnf^  and  their  findings  and  techniques 

have  been  freely  adapted  and  adopted  for  this  coldworked  hole  investigation. 

The  photoresist  chosen  was  Shipley  AZ1350J  provided  by  Shipley  Co.,  Newton,  Mass., 
02. b2,  U.S.A.  This  particular  resist  Is  formulated  for  applying  acid  resist  coatings 
to  aluminum  substrates,  and  Its  solids  content  Is  comparlt 1 vel y high  at  30t.  The 
companion  dye,  thinner,  cleaner  and  developer  were  purchased  with  the  resist. 


Jl 


It.  is  (l<'«  i r.ih  I o t'oi’  moiro  uvu'k,  tu;  wiLl»  inosl  photoves  i st  usjijU',  that  tho 

resist  eoatint*  be  tIUn  aiul  imiforni.  Common  application  iiu'tiuula  iiu'Jiuie  spinnintit 
clipping,  spraying,  wiping,  and  roller  coating.  The  dipping  and  wlpijtg  toe-hnlqin's  were 
found  det'iolent  in  that  tl»ey  always  left  some  buildup  and  sagging  near  the  hole 
houiulary,  that  is,  in  the  region  of  greatest  interest.  Attentic'n  settled,  iheieforc', 
open  the  spraying  method.  An  artists'  alvhrnshwas  obtained  and  .a  spraying  technique 
which  gave  satisfactory  uttiforniity  and  coating  thickness  was  worked  out  by  trial  uiui 
error.  I'urthor  rofinemeiiL  and  simplification  of  tills  procedure  are  highly  recommended 
if  similar  investigations  are  pursued  at  Ak'ML.  One  definite  conelnsion  of  this  research 
was  tliat  good  specimen  preparation  and  coating  application  simplify  and  shorten 
tho  moire  analysis  while  yielding  .superior  results. 

In  order  th.st  the  photorcsi.st  wet  tho  snrtaoe  and  spread  to  a uniform  eoating,  it 
i«  essoiiLlal  thtit  tho  specinion  surface  he  chemleally  clean.  .Sever.il  different 
cleaning  procedures  wore  tried  and  all  were  found  lacking  in  sorK'  small  way. 

Part  of  the  trouble  might  have  originated  with  the  material  used  In  the  final 
pollshiii!',  stage.  This  pcisslhllity  was  nor  appreciated  early  enough  for  any  deiinite 
action.  Proper  l.-ipping  slu'uld  give  a surface  which  is  easier  to  clean. 

Tin*  cliemlc.'i  1 1 y neutral  solvent  "Nentra-Clean  (>8"  pfen'ided  by  the  Shipley 
(Company  did  lu^t  wiu’k  well  In  n'moving  a surface  film.  The  .specimen  appeared  clean 
after  initial  solvent  washing  jind  then  being  Imnier.sed  in  lieaieil  Neut ra-c  1 e.-m 
solution.  However,  hare  p.’itches  tended  to  appear  as  the  resist  drioil,  indicating 
th.it  till'  siirf;ici'  wa.s  not  wetted  in  t liese  .-irea.s. 

A procedure  almost  exactly  thi'  .s.-imi'  as  tlie  one  which  i.s  conmoiilv  usoil  lor  ele.iniug 
alumiiuim  -siirfaei'S  in  prepar.it  ion  for  I ho  bonding  of  oli'clrle.al  res  i ,st  aiui'  strain  gages 
served  quite  well.  Initial  hi'isk  solvent  cleaning  was  tol  lowed  hv  ti'i'atiiu'nt  witli 
till'  two  .str.iin  f’.age  api'licat  ions  materi;il.s  "M-Prep  1"  and  "M-Pri'p  P",  which,  evident  Iv. 

IP 


aro  woak  !;v>  1 iit  lon.s  of  phi>si'lior  ic  jioiil  an<l  Hod  Urn)  hydroxlilo  , rortpoL' t ivo ly  . Tho 
api'k'imi'n  was  rlnsoil  iu  a spray  of  dist  i l loti  wator  followiny,  tills  tvloaninR  in  orilor 
to  assuiL'  tlio  fomoval  of  anv  snrfat'o  tloposlt  of  NaOH  wlitoli  would  affoct  tho  roslsl  . 

(Ros  Lst  dovolopt'fs  .aro  ossentlally  woak  solutions  of  Naihl.) 

CloauinK  only  with  solvoiits  was  also  utlHzod  and  woikod  woll  if  ctifo  was  taken, 
liiis  appioaoh  was  most  useful  lor  rooleaniiig  speciiiions  .after  removal  of  .a  faulty 
spr.ivod  ros  i St  eoatinyi.  In  \u\ietifO.  the  spoolinon  was  rouith  eleaiiod  by  immor.sioii 
in  a dish  of  methyl  ketone  or  aeotono.  The  surface  was  rubbeil  with  eottou  while 
immersed  in  the  solvent.  Thi.s  process  was  repeated  with  fresh  solvent,  after  whieh 
the  specimen  was  rinsed  in  a heavy  spray  of  fresh  acetone.  The  surface  was  allowed 
to  dry  and  then  washed  in  a lieavy  spray  of  distilled  water,  ruhhed  lip.luly  with 
clean  cotton  while  wet,  and  rinsed  again  in  water.  I'inally,  tho  wet  specimens  v<tere 
rinsed  in  a coplou.s  spray  of  fresh  reagent  grade  anhydrous  methyl  alcohol  and  allowoii 
to  air  dry.  This  whole  procedure  was  quickly,  and  easily  coiupletcd,  and  t hi'  specimen 
was  dry  for  coating  very  soon.  I'nrthermore,  the  specimen  is  left  sliglitly  cliilU'd 
wliich  helped  retard  drying  of  the  sprayed  photoresist  until  it  had  had  a chance  to 
smooth  and  flatten.  Sb  I p 1 ov  phot oresl st  thinner  was  suhstituted  for  the  acefone  on 
occasion,  and  it  uoemed  satisfactory.  It  is  also  c.’islcr  to  handle. 

It  is  noteworthy  that  cleaning  sidisequeiit  to  removal  of  ji  poorly  sprayed  coating 
preparatory  to  lecoat ing  did  not  need  to  be  very  well  done  unless  the  poor  coat ing 
rosiilteil  from  Initial  poor  eU'.aning.  If  it  had  been  cleanoil  properly  the  first  time, 
a few  troatnu'iits  with  tliiuner  and  wiping  tissue  was  adequate  t nr  subsequent  cleaning. 
This  peculiarity  probably  derives  from  the  basic  compatibility  ot  tho  thinner,  old 
resist  residue,  and  new  rosl.st. 

One  point  deserves  special  emphasis.  It  was  imperative  that  no  thinner,  solvent, 
iiRiistnre,  or  ilirt  be  left  inside  the  hole  near  the  corner  lolnlng  the  surface  to  he 
coated.  II  eont amlnat Ion  was  present,  distortion  ot  the  coating  In  the  form  ot  thinning 
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or  buildup  at  thi'  holo  boundary  covild  occur.  A workable  technique  was  to  clean  the 
hole  with  a swab  at  each  washlu);  staj;e  and  to  be  certain  that  the  hole  was  well  rinsed 
in  tlie  final  stages  of  cleaning. 

It  was  permts.sable  to  eliminate  the  final  washing  in  methyl  alcohol  and  rely 
on  flushitig  with  distilled  water  for  the  final  cleaning.  In  this  case,  drying  of 
the  specinK'n  was  carefully  done  in  a laboratory  oven,  after  which  the  specimen  was 
cooled  in  a desslcator. 

resting  was  conducted  to  establish  a balance  of  resist-thlnner-dye  proport  ii'n.*'., 
.ilr  pressure,  airbrush  nozzle  opening,  spraying  distance,  and  brush  motion.  The 
values  arrived  at  represent  a workable  combination,  but  probably  not  the  best  one. 

in  order  to  produce  coatings  as  thin  as  at  first  seemed  necessary  (later,  thicker 
coat  Ing.s  were  found  better  for  certain  situations),  the  photoresist  required  thinning 
considerably  In  excess  of  the  degree  suggested  by  the  numufacturer . The  proportions 
arrived  at  thrv'ugli  trial  were,  by  volume,  30  parts  AZ1350J,  20  parts  A2.  thinner  and  I 
part  dye.  best  air  pressure  was  alx'ut  40  psi,  and  It  was  very  Important  that  the  air 
lu'  dried  and  the  pressure  regulated.  The  "canned  air"  sold  in  art  supply  shops  w.as 
unsatisfactory.  The  best  nozzle  setting  for  the  airbrush  used  w.is  between  IS  to 
2 full  turns  open  from  the  closed  position. 

The  spraying  procedure  which  w.as  developed  called  for  laying  the  clean  and  dry 
speclmiMi  horizontally  or  inclined  at  about  lO''.  The  airbrush  containing  the  resist 
was  held  about  18  Inches  (45  cm)  from  the  specimen  and  pointing  to  one  side  of  It. 

Flow  of  ttu'  atomized  resist  was  begun  and  allowed  to  stabilize  for  about  'a  to  I 
second,  after  which  the  spray  is  quickly  shifted  onto  the  specimen.  At  the  range 
and  the  air  flow  used,  coverage  was  wide  enough  so  that  It  was  not  neccs.sary  to  .sweep 
the  brush;  although  snuill  oscillations  seemed  to  aid  in  giving  good  covereage 
while  helping  the  settle  the  operator's  nerves.  This  procedure  eliminated  problems 
connected  with  trying  to  overlap  airbrush  strokes.  Another  acceptable  technique 

34 


AI'MI.-rK-78-l.S_) 


Invoivod  luildlng  the  brusli  about  6 inches  from  the  specimen  with  about  25  psl 
pressure  and  covering  the  specimen  with  about  3 sweeping  strokes,  starting  closest  to 
the  operator  An  overlap  of  1/3  to  1/2  the  fan  width  was  used.  This  method  gave  coatings 
which  looked  good,  but  proved  to  have  some  large-scale  thickness  variations,  Wltli 
either  approach.  It  was  absolutely  necessary  to  start  the  spray  well  before  bringing 
it  to  beam  on  the  specimen,  as  some  coarse  droplets  are  expelled  at  the  beginning  of 
flow. 

Coating  thickness  was  controlled  by  spraying  time  once  the  nozzle  opening  was 
set.  llte  thinnest  coatings  used  In  this  study  (specimens  C9  and  CIO)  had  coatings 
about  0.0001  Inches  (2  to  3 microns)  thick,  which  resulted  from  about  3 seconds 
spraying  time.  Such  a thick  coating  does  not  stay  wet  long  enough  for  surface  tension 
to  have  much  effect,  so  some  fine  stipple  in  the  coating  was  visible.  Also,  surface 
character  of  the  specimen  (the  grain  caused  by  polishing)  tended  to  affect  ptiotograph- 
.ibility  of  tiic  gr.itlug  with  such  thin  coatings.  Better  grating  photographs  were 
obtained  with  coatings  which  were  In  the  area  of  0.0005  Inches  (13  microns)  thick. 

If  the  coating  did  not  appear  satisfactory  at  this  point,  it  was  removed  using 
either  tlilniiercir  acetone  and  recleaned  by  the  abbreviated  procedure  described  abc've. 
When  dry.  It  was  sprayed  again.  Five  or  six  trials  were  sometimes  required  to 
obtain  a coating  which  seemed  adequate.  Often,  a bad  result  was  traceable  to  poor 
cleaning  or  some  other  obvious  source. 

Because  of  the  volatile  and  mildly  toxic  nature  of  the  solvents  and  cleaners 
employed  (with  the  exception  of  "Neutra-Clean") , all  the  cleaning  and  coating 
procedures  were  conducted  In  a laboratory  fume  hood. 

After  the  coatings  dried  to  touch,  a process  requiring  only  a minute  or  so, 
they  were  placed  In  a small  laboratory  oven  for  drying  at  a temperature  of  about 
25C  for  20-30  minutes. 

The  coated  specimens  were  then  placed  Inside  padded  light-tight  boxes  to  await 
exposure  and  development  of  the  grating  image. 
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) . i Printing;  Grating  onto  Specimen 

The  meire  grating  was  printed  Into  the  photoresist  coating  on  the  specimen  by  a 


simple  contact  printing  procedure  in  which  a grating  submaster  was  clamped  to  the 


specimen  and  the  assembly  exposed  to  ultraviolet  light  from  a Mercury  lamp.  The 
procedure  closely  followed  that  described  by  Luxmoore,  et.  al.^^  except  that 

a much  smaller  lamp  was  used  and  several  Improvisions  were  necessary.  Additional 


useful  infornvulon  on  producing  fine  periodic  structures  is  contained  in  the  recent 
pav'cr  by  .Austin  and  Stone. 

Clamping  of  the  submaster  to  the  specimen  was  accomplished  with  orlnary  spring- 
type  clothespins;  two  of  the  clothespins  also  acted  as  legs  to  support  the  grating- 
specimen  assembly  in  a vertical  plane.  Lenticular  effects  in  the  submaster  were 
reduced  by  using  a 50:^  aqueous  glycerin  solution  between  the  submaster  emulsion  and 
the  photoresist.  Later,  it  was  found  that  the  fluid  could  be  eliminated,  probably 
because  lontlculat ion  of  the  thin  submaster  emulsion  was  not  great  and/or  the  data 


processing  procedure  was  forgiving  of  poor  gratings. 

'n»e  Mercurv  lamp  was  one  contained  in  a "Vlslcorder"  optical  strip  chart 
recorder.  This  lamp  has  a power  of  only  100  watts,  but  its  arc  is  so  small  mm  x 
C nm\)  that  it  was  possible  to  bring  the  specimen  to  within  5S  Inches  of  the  lamp 
without  losing  resolution  or  changing  the  grating  pitch.  Still,  exposures  of  about 
t>  minutes  were  required  with  the  thicker  coatings  and  fairly  dense  submasters  used 
With  the  thinner  coating  on  specimens  C9  and  CIO,  and  with  the  less  dense  and 
sharper  submasters  available  then,  exposures  shortened  to  about  3 minutes.  The  newly 
exposed  photoresist  was  developed  according  to  manufacturer's  instructions  in  the 
standard  Shipley  AZ  developer  diluted  with  water. 

A variation  of  the  procedure  was  used  with  specimen  CIO,  as  both  radial  and 
tangential  strains  were  to  be  measured  throughout  the  field.  A two-dimensional 
grid  pattern  of  dots  (as  contrasted  with  the  usual  array  of  continuous  parallel 
lines)  was  created  by  a two  step  exposure.  The  submaster  was  arranged  as  usual  for 
a two  minute  exposure,  and  then  rotated  90°,  reclamped  and  the  resist  exposed  for 


another  2 minutes. 
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Ouo  atsj'oot  of  t he  l>ol»avlo«‘  of  plu>t  oro}!l s»t  <U't»oi‘vos  fiirt  lior  ooinnu'iU  . ll  Is  lHvs^!HMo 

t »>  l)iil;»nco  o\i>os\iro  t Imo  anti  coating  thlckuoaa  to  proiUice  apoolmon  gratings  which 

will  photograph  morn  sharply  than  thoao  ono  ortll»\arlly  thinks  of  as  "good"  gratings. 

Tlio  phonoiHciK>u  ntlM.'.otl  is  that  incompl  ot  o oxpoauiv  aiul  ilovolopmont  loavos  "ilohrls" 

('i-ll 

holwooit  the  nnoxposed  grating  linos.  b'lgnro  !>./•  tllustratos  varying  ilogroos  of 

this  behavior.  It  turns  out  that  the  debris  tends  to  scatter  and  al>sorl>  the 
incident  light,  giving  high  contrast  datk  linos  against  the  .stuooLh  uno.sposed  linos, 
ll  scorns  wiser,  therefore,  to  use  a thick  coating  (S  to  I mill  anil  not  try  to  out 
throMgh  to  base  metal  in  the  exposure  and  development.  This  eonoiu.sion  may  not  apply 
if  more  viniform  surfaces  are  (iroducod,  especially  if  the  finish  has  a matte  strnctnro 
from  lapping. 

The  green  dye  used  in  the  photoresist  was  useful  only  in  liulicarlng  coat  lug 
nnlformitv  and  in  checking  the  exposure.  U bleached  rapidly  when  exposed  to  the 
light  required  for  grating  photography.  It  eould  be  eliminated  without  ill  effect. 
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STRONG  EXPOSURE 


DEPTH  OF  PHOTORESIST  EXAGGERATED 


Figure  5.4.  Sketches  of  typical  cross  sections  of 
specimen  grating  in  photoresist  for 
various  degrees  of  exposure. 
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the  superposition  Is  In  real  time.  That  Is,  the  specimen  grating  Is  Imaged  by  a lens 
and/or  partial  mirror  system  onto  the  master  grating  or  Its  Image.  The  resulting 
fringe  pattern  Is  photographed  after  appropriate  adjustment  of  alignment  and  mis- 
match of  the  two  grating  Images.  This  technique  Is  simple  In  concept,  but  It  la  not 
so  simple  to  use.  It  was  tried  and  found  wanting  In  fringe  contrast  and  stability 

with  the  equipment  available.  Proper  utilization  of  the  slotted  aperture  technique 
(5“8  5-9) 

referred  to  above ^ ’ might  have  made  this  approach  more  attractive.  However,  the 

rlexlblllty  and  control  offered  by  the  second  method  were  a distinct  advantage  In  this 
study. 

In  the  second  method,  which  was  used  exclusively,  the  specimen  grating  Is 
photographed  In  one  or  more  states,  and  the  superposition  carried  out  later  with 
these  gratings  which  have  been  stored  on  glass  photo  plates.  It  Is  possible  to 
photograph  the  specimen  In  Its  virgin  and  strained  states  and  to  superimpose 
these  two  gratings.  A procedure  which  Is  more  flexible  and  more  powerful  is  to 
utilize  the  potentials  of  coherent  optical  data  processing  by  superimposing  the 
specimen  grating  plates  in  turn  with  previously  prepared  submaster  gratings  of  various 
spatial  frequencies.  Sensitivity  of  the  measurement  process  can  be  multiplied 
several  fold  In  this  way,  and  the  benefits  of  grating  pitch  mismatch  may  be  exploited. 
Although  It  would  be  most  usual  to  use  the  unstrained  specimen  grating  photograph  for 
constructing  a baseline  moire  pattern.  It  Is  possible  to  use  other  specimen  conditions 
as  the  baseline,  thereby  examining  through  the  moire  process  the  change  between  any 
two  specimen  states.  Finally,  this  moire  process  may  be  undertaken  In  a leisurely 
and  thoughtful  way,  without  the  hurry  which  attends  real-time  interferometry,  and 
the  original  data  Is  retrievable  for  further  study  since  it  is  permanently  stored  on 
glass  plates. 

There  Is  a price  to  be  paid  for  these  advantages.  First  there  are  the  added 
complications  In  theory  and  in  laboratory  exercise.  There  is  the  time  required  to 
create  and  study  twice  as  many  fringe  photos  (baseline  and  data).  Finally,  there  Is 
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the  critical  problem  of  photographing  the  specimen  grating  v)itl»  enough  resolution 
and  contrast  so  that  tl»e  potentials  of  the  optical  data  processing  are  exploited  to 
full  gain. 

The  technique  described  for  the  grating  photography  are  discussed  in  the 
next  section.  The  optical  data  processing  of  the  grating  photographs  to  form  moire 
patterns  is  described  in  Section  VI. 

A . 2 Grating  Photography 

Several  different  setups  for  accomplishing  the  high  resolution  photography  of 
the  specimen  grating  were  tried.  The  best  results  came  from  the  arrangement  which 
is  sketciied  in  Figure  5.5.  TTie  apparatus  used  was  very  similar  to  that  shown  in  the 
photographs  of  Figure  5.3,  so  additional  photos  are  not  included  here.  Useful 
descriptive  data  v;|\ich  supplements  ti>e  following  description  are  contained  in  Section 
V.2.3  of  this  report  and  also  in  tlie  references  cited  above. 

The  camera  used  was  a Ax5  Burke  and  James  "Orbit"  monorail  whicl*  was  stiffened 
witli  angle  iron  and  weiglited  with  lead  blocks  and  some  steel  plate.  The  lens  was  a 
Goer'/,  Red  Dot  Artar  apochromat  liaving  focal  length  of  9H  inche.s  (2.4  cm)  and  maxi.nnm 
aperture  f9.  The  camera  was  set  at  full  extension  to  give  an  imago  of  tlie  specimen 
wlilcli  was  magnified  by  a factor  of  about  1.3.  The  specimen  in  its  specially  designed 
holder,  tlie  illuminating  souce — a Kodak  Carousel  Slide  projector — and  the.  camera 
rested  upon  a Gaertner  Optical  table,  which  rested  upon  air  bags  for  vibration 
isolation. 

Focus  of  the  specimen  Imiige  was  very  critical  in  this  high  resolution  situation. 
Tlie  ground  glass  of  the  camera  was  not  satisfactory  for  this  critical  work  because 
it  was  too  coarse  and  because  sucli  focus  plates  are  often  not  exactly  in  tlie  plioto- 
emnlsion  plant.  For  focussing,  a blank  plate  of  the  tnlckness  and  type  used  in  the 
photograpliy  was  developed  and  fixed  and  nwunted  in  a 4x5  platelioldcr  which  liad  the 
separator  removed,  'i'he  image  of  the  specimen  in  tl»e  eimilsion  was  examined  witl)  a 50X 


40 


WJiWUy.'<»gCToW.*>li»W 


ffutsKif^  *r*st*^ 


AI'Mh-TU-78-.l53 


LIGHT  SOURCE-  KODAK 


Sketch  of  apparatus  for  photoqraphinq 
specimen  grating. 
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nvignlfler  obtained  from  Edmund  Scientific  Co.  which  had  been  adjusted  to  focus  in 
the  emulsion  plane  while  the  magnifier  base  rested  on  the  opposite  of  the  film  plate. 

The  inuige  of  the  specimen  grating  could  be  checked  over  the  whole  area  of  interest 
for  maximum  sharpness  and  contrast.  As  a check  on  focus,  parallax  between  the 
grating  image  and  marks  (scratches  and  magic  nuirker  lines)  were  studied.  Zero 
parallax  meant  correct  focus.  This  focus  procedure  was  rather  tedious,  but  it  did 
not  need  to  be  repeated  as  long  as  the  photographic  system  was  not  distrubed. 

Al.-.hough  a monochromatic  filter  is  usually  specified  for  this  type  of  high 
resolution  photography,  it  did  not  prove  practicable  here.  Available  light  was  so  low 
that  contrast  and  definition  were  lost  with  filtered  light  and  the  films  used.  Wliite 
light  gave  better  results.  The  Goerz  lens,  which  is  a four  element  symmetrical 
apochronuit,  is  well  corrected  for  transverse  and  longitudinal  chromatic  aberrations. 

A small  amount  of  lateral  color  was  noticed  at  the  extreme  edge  of  the  focus  plate  when 
examined  with  the  magnifier,  but  the  aberration  was  far  from  large  enough  to  affect 
definition  on  the  grating  photos. 

Both  Kodak  High  Resolution  plate  and  backed  Kodak  Spectroscopic  6A9-F  plates 
wore  utilized.  The  HRP  material  proved  somewhat  too  slow  for  the  Illumination  available, 
so  most  of  dlls  work  was  done  with  649-F.  The  glass  photoplates  were  placed  in  regular 
4x5  plateholders  which  had  been  checked  for  matching  critical  dimensions.  Exposures 
typically  were  about  20  to  30  seconds  at  fll  with  these  plates,  although  it  depended 
to  a degree  upon  the  nature  of  the  specimen  surface  and  the  thickness,  expsoure,  and 
development  of  the  specimen  photoresist  coating. 

The  lens  was  used  mostly  at  apertures  of  f9  and  fll.  Higher  f-nurabers  gave 
reduced  light  fall-off  and  exposure  reduction  in  the  extremes  of  the  field.  But, 
the  frequency  response  of  the  lens  was  below  the  limit  required  for  photography  of 
the  1000  Ipl  grating  at  apertures  approaching  fl6.  The  lower  f-numbers  had  to  be 
used  for  proper  resolution  and  the  exposure  adjusted  for  the  best  compromise  over  the 
area  of  interest.  Dodging  was  utilized  to  even  up  the  vincqual  exposure  of  the  plate 
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caused  by  the  oblique  lllualuation.  Typically,  the  light  falling  on  the  most  brightly 
illuminated  portion  of  the  specimen  was  blocked  up  to  about  25%  of  the  total  exposure 
time.  Dodging  was  accomplished  by  moving  a card  into  the  light  beam  from  the  slide 
projector . 

Exposure  detenrlnation  was  largely  by  trial  and  error.  Minor  correction  was 
possible  during  plate  development.  Crude  measurements  of  light  intensities  at  the 
camera  back  were  obtained  with  an  ordinary  light  meter.  Much  time  and  film  would  be 
saved  if  a sensitive  photometer  probe  was  obtained  for  measuring  light  level  at  the 
film  plane  during  focus.  It  would  help  in  adjusting  illumination  and  in  calculating 
exposure. 

It  is  worth  noting  here  that  the  angle  of  incident  illumination  was  chosen  by 
trial  to  give  the  best  contrast  in  the  grating  image.  Shadows  in  the  three- 
dimensional  grating  structure  eveidently  play  an  important  role  In  visibility  of 
the  grating. 

The  exposed  649-F  plates  were  individually  developed  in  Kodak  D-8  developer 

for  about  3 minutes.  (See  Ref.  5.11  for  additional  information.)  D-8  is  an 

energetic  high-contrast  developer.  The  development  was  monitored  by  very  short 

examination  under  red  safelight;  6A9-F  is  red  sensitive.  Development  was  stopped 

when  plate  density  reached  about  50%,  the  value  which  seemed  to  give  best  fringe 

visibility  in  the  optical  data  processor.  The  HRP  plates  were  developed  by  similar 

(5-12,5-13) 

techniques  in  Kodak  HRP  developer  diluted  according  to  Instructions. 

Fixing,  washing,  and  drying  were  normal  for  both  types. 

Considerable  trouble  was  experienced  with  the  polishing  iiuirks  on  some  specimens. 
The  brightness  of  any  portion  of  the  image  depended  very  much  upon  the  direction  of 
the  polishing  marks  in  relation  to  the  Illumination  beam.  Large  specimen  size  had 
made  it  impossible  to  polish  the  whole  specimen  at  once,  and,  as  a result,  polishing 
"grain"  ran  in  different  directions  in  different  areas.  The  photography  v>robleni  was 
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most  serious  where  thin  coatings  were  applied  over  a surface  having  extensive 
surface  marking.  In  specimens  C9  and  CIO,  for  example,  it  was  not  possible  to 
photograph  the  grating  over  the  whole  area  of  Interest  at  one  time.  The  specimen 
had  to  be  rotated  180^  in  its  plane  and  a secoitd  photograph  nuide.  This  was  necessary 
for  both  baseline  and  data  photographs.  Also,  the  specimen  had  to  be  tilted  45** 
in  its  plane  to  the  plane  of  the  optical  axis  to  image  with  maximum  clarity  tlte 
regions  of  Interest.  Even  so,  tl»e  resulting  grating  photos  and  the  eventual  fringe 
photography  were  of  marginal  quality.  A more  uniform  surface  structure,  ns  would 
result  from  lapping  the  specimens,  should  eliminate  this  problem. 

In  most  of  tlie  other  specimens,  the  photography  of  the  strained  gr.atlng  liad 
to  lie  duplicated  with  180**  in-plane  rotation  for  quite  another  reason.  Under  the 
oblique  illumination  required  for  contrast,  the  protruding  end  of  the  sleeve  caused 
a shadow  in  the  important  urea  near  the  hole,  and  moire  data  us  close  us  possible 
on  both  sides  of  the  hole  was  sought. 

After  completion,  each  grating  plate  was  inspected  for  diffraction  efficiency 
to  assure  that  the  photography  had  been  successful.  It  was  then  labelled  with 
the  specimen  number  and  a photograph  number  which  matched  a detailed  entry  in  the 
labor.’itory  log  book.  It  was  (and  is)  possible,  therefore,  to  identify  any  one  of 
the  large  number  of  grating  photographs  at  a future  time  and  to  obtain  complete 
knowledge  of  its  history.  The  plates  were  then  stored  in  racks  to  await  optical 
construction  of  moire  fringe  patterns. 
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SECTION  VI 

CREATION  OF  MOIRE  GRATING  PHOTOtlRAPHS 


1 . INTRODUCTION 

Although  useful  moire  fringe  patterns  can  be  obtained  by  direct  superposition 
of  the  grating  photographs  with  one  another  or  with  a submaster  grating,  such  a 
simple  procedure  does  not  yield  the  best  results,  nor  does  it  exploit  the  full 
potential  of  the  Information  which  is  stored  In  a photoplate.  Increased  sensitivity 
and  control  of  the  measurement  process  can  be  had  by  utilizing  some  of  the  basic 
procedures  of  optical  data  processing. 

There  are  two  related  physical  phenomena  which  are  Important  in  developing 
an  understanding  of  moire  fringe  formation  and  multiplication  by  superimposing 
grating  photographs  in  a coherent  optical  analyzer.  The  first  of  tliese  phenomena 
is  the  diffraction  of  light  by  a grating,  or,  more  accurately,  by  superimposed 
V>alrs  of  gratings  having  slightly  different  spatial  frequencies,  and  the  related 
phenc..ienon  of  multiple  beam  inter fere.nce  patterns  produced  in  the  diffraction 
orders.  The  second  important  concept  is  that  a simple  lens  acts  as  ci  Fourier 
transformer  or  spectrum  analyzer  and  offers  the  possibility  of  performing  filtering 
operations  on  space  frequency  compenants  In  a manner  analogous  to  the  treatment  of 
vibration  and  electrical  signals.  Actually,  either  concept  is  sufficient  by  itself 
for  understanding  moire  phenomena  from  slight  different  points  of  view, 

A detailed  explanation  and  discussion  of  Fourier  optics  and  diffraction 
phenomena  are  outside  the  scope  of  this  report.  Only  the  basic  concepts  are 
presented  in  the  isext  section.  Application  of  these  principals  to  the  specific 
measurement  problem  at  hand  are  then  described. 
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2.  IMPORTANT  BASIC  CONCEPTS 
2 . 1 Dlffrnctlon  by  Superimposed  GratlnRS 

The  theory  of  moire  fringe  formation  by  superimposing  two  diffraction 
gratings  of  nearly  equal  pitch  and  orientation  has  been  presented  in  elegant  detail 
In  a book  by  Cnild^^  His  ideas  were  extended,  refined,  and  demonstrated  within 
the  context  of  moire  strain  analysis  in  a series  of  definitive  papers  by  Post 
and  by  Post  and  McLaughlin. The  following  short  discussion  draws  heavily  from 
Post's  fine  explanations. 

If  a single  narrow  beam  of  light  is  made  to  pass  normally  (normal  incidence 
Is  chosen  for  simplicity,  oblique  Incidence  may  be  used)  through  (or  reflect  from) 
a sinusoidal  amplitude  or  phase  grating,  the  beam  will  be  divided  into  3 parts  at 
the  grating.  Figure  6.1  shows  this  behavior  schematically.  The  first  part, 
called  the  zero  order,  is  an  undisturbed  portion  of  the  beam  which  passes  directly 
through  the  grating.  The  other  two  parts,  called  first  orders,  deviate  symmetrically 
on  either  side  of  the  zero  order  at  an  inclination  which  depends  upon  the  spatial 
frequency  of  the  grating  and  the  wavelength  of  light  as  well  as  the  Incidence 
angle,  which  has  been  taken  to  be  zero  for  this  discussion. 

Now,  consider  what  happens  when  a narrow  collimated  beam  passes  tltrough  2 sinusoidal 
gratings  of  slightly  different  spatial  frequencies,  ns  Illustrated  in  Figure  6.2. 

Five  distinct  ray  groups  will  appear  in  this  case.  The  center  group  is  a single 
attenuated  version  of  the  incident  beam.  The  extreme  orders,  shown  as  +2  and  -2  oji 
the  sketch  each  contain  a single  ray  which  has  been  diffracted  by  each  of  the  two 
gratings  in  succession.  The  intermediate  ray  groups  numbered  +1  and  -I  are  the 
ones  of  interest  in  moire  work.  They  each  contain  2 rays,  one  of  wlilch  has  been 
diffracted  at  the  first  grating  only,  and  the  second  having  been  diffracted  at  the 
■second  grating.  These  two  rays  in  the  group  are  nearly  parallel  because  the  spatial 
frequencies  of  the  two  gratings  are  nearly  equal.  Now,  If  the  two  rays  can  be  made 
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Figure  6.1.  Diffraction  of  narrow  collimated  light 
beam  by  sine  grating. 
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to  overlap,  as  by  a lens  or  imaging  system,  and  if  they  both  came  from  tlte  same 
light  source  wltlcli  has  a coiicroncc  Lengtii  great  enough  for  interference  to  bo 
possible,  then  tl»e  two  rays  forming  a groep  will  interfere  with  one  another,  (see 
Figure  6.3)  I'he  interference  is  that  of  two  coherent  beams  impinging  on  a surface 
with  a small  difference  of  incidence  angle.  It  Is  a classic  example  of  two-beam 
interferometry.  For  a given  wavelength  of  light,  the  small  angular  difference 
between  the  two  beams  is  a measure  of  the  spatial  frequency  difference  between  the 
two  gr.ntings.  The  interference  fringe  pattern  is  a function  of  (lie  angular  difference. 
Tbe  result  is  an  interference  pattern  indicative  of  pitch  and  orientational 
differences  of  the  two  diffraction  gratings.  In  short,  it  is  the  moire  pattern  of 
the  two  gratings  for  the  area  subtended  by  the  incident  beam. 

For  moire  strain  measurement,  it  is  necessary  to  illuminate  the  whole  field  of 
the  two  gratlugs  by  coherent  collimated  (usually)  light.  In  this  case,  there  will  be 
a whole  tteld  of  rays  being  diffracted  by  the  first  grating,  and  a .second  field 
diffracted  by  the  second  grating,  as  pictured  in  Figure  6.4.  A field  lens  Is 
pl.iced  In  the  diffracted  beams  to  decollimate  tbe  rays  and  converge  them  at  a 
focus.  In  general,  tbe  rays  diffracted  at  the  first  grating  will  focus  at  a 

point  slightly  displaced  from  the  focus  of  the  rays  diffracted  at  the  secoiui  grating. 

If  they  are  close  enough  to  overlap,  then  an  interference  pattern  is  produced.  A 

more  useful  procedure  is  to  use  another  lens  arid  screen  (that  is,  a camera)  to 

const  met  Images  of  the  two  grating  fields  with  the  light  contained  in  the  ray 
group.  Kssentially,  two  images  are  constructed  which  lie  atop  one  another.  Since 
colierent  light  was  used,  the  two  images  interfere  with  one  another,  the  degree  of 
interfevonce  depending  mainly  upon  the  relative  displacement  of  the  two  focal  spots 
which,  in  turn,  depend  upon  the  relative  inclinations  of  the  two  sets  of  rays  coming 
from  tlie  diffraction  gr.jtings.  The  imago  in  the  camer.i  display.^,  then,  a pattern 
of  liiterforenee  fringes  which  are  indicative  of  the  local  spatial  frequency  ;»nd 
orientational  differences  between  the  two  gratings. 
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Only  minor  extensions  of  these  basic  ideas  suffice  to  understand  the  use  of 
moire  gratings  in  practical  measurement  situations. 

The  first  complication  is  that  the  gratings  tend  to  vary  in  pitch  and  orienta- 
tion from  point  to  point  in  any  strain  field  of ^practical  interest.  One  need  only 
apply  the  reasoning  outlined  above  to  each  elemental  area  of  the  whole  field.  The 
result,  clearly,  is  a set  of  fringes  which  vary  in  direction  and  spacing  from  point 
to  point  in  the  field. 

The  second  complication  is  more  difficult  to  analyze.  In  general  it  is 
neither  wise  nor  possible  to  work  with  sinusoidal  gratings.  There  will  exist, 
therefore,  higher  order  diffractions  at  each  of  the  two  gratings.  The  number  of 
orders  produced  from  a single  ray  by  each  grating  depends  mainly  upon  the  sharpness 
of  the  grating  or  the  degree  to  which  it  approaches  a rectangular  wave  periodic 
structure.  One  finds  In  such  a situation  that  each  group  of  near-parallel  rays 
consists  of  several  individual  rays  corresponding  to  different  orders  of  diffraction 
at  each  grating.  Figure  6.5  illustrates  this  behavior.  Guild  and  Post,  in  the 
references  cited  above,  consider  these  more  complex  cases  in  considerable  detail. 

For  this  work  it  is  sufficient  to  observe  that  the  basic  diffraction  and  inter- 
ference model  still  applies.  In  general  the  interference  at  the  image  will 
Involve  more  than  two  component  Images  or  beams.  In  practice,  the  higher  order 
diffractions  were  attenuated  to  the  point  where  only  the  basic  two  beams  in  each 
ray  group  were  of  any  consequence. 

There  is  one  important  related  fact  which  holds  true  if  the  two  gratings  are  of 
nearly  the  same  spatial  frequency.  Each  ray  group  in  this  case  corresponds  to  a 
higher  diffraction  order  which  corresponds  in  turn  to  a grating  frequency  which 
Is  a multiple  of  the  basic  grating  frequency.  The  image  formed  by  any  ray  group 
contains  a moire  pattern  corresponding  to  grating  frequencies  equal  to  the  diffraction 
order  or  group  number  times  the  fundamental  specimen  grating  frequency.  This  concept 
Is  the  basis  of  multiplying  the  moire  sensitivity  when  the  two  gratings  must  bo  of 
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the  same  base  pitch.  All  one  need  do  is  use  the  light  in  one  of  the  higher  order 
ray  groups  to  form  the  image  and  its  fringe  pattern.  Such  a multiplication 
technique  was  not  utilized  in  this  investigation,  but  others  have  used  it  to 
obtain  sensitivity  increases  of  ten-fold  or  more  (see  Ref.  6-2  for  example). 

A third  .and  very  Important  extension  of  the  basic  concepts  arises  when  the 
gratings  are  grossly  different  in  spatial  frequency — that  is,  when  one  grating 
frequency  is  a multiple  of  the  other  plus  a small  additional  which  might  be  Imposed 
deliberately  and/or  be  the  quantity  which  is  to  be  determined.  In  such  a situation, 
the  diffractions  are  somewhat  more  complicated,  as  is  the  makeup  of  each  of  the 
diffracted  ray  groups.  Figure  6.6  illustrates  what  happens  where  the  second  grating 
frequency  is  three  times  the  frequency  of  the  first.  The  basic  idea  of  forming  an 
interference  pattern  with  the  rays  forming  a given  group  still  applies;  the  question 
arises  as  to  what  such  an  interference  pattern  means  in  terms  of  the  frequency  and 
orientation  differences  between  the  two  gratings.  A general  interpretation  can  be 
very  complicated.  An  important  simplification  is  that,  by  design  and  oecause  of 
the  natural  attenuation  of  high  diffraction  orders,  only  two  of  the  component  rays 
in  any  useful  ray  group  will  Interact  to  form  a visible  fringe  pattern.  Examination 
of  the  two  main  components  in,  for  example,  ray  group  number  3 in  the  case  pictured  in 
Figure  6.6  produces  the  answer  to  the  interpretation  question.  These  two  rays 
correspond  to  the  first  diffraction  order  at  the  fine  grating  and  the  third  order  at 
the  coarse  grating.  The  image  formed  with  these  two  groups  will  be  the  same  as 
that  which  would  be  produced  by  two  gratings  having  nearly  equal  frequencies  at  three 
times  the  fundamental  frequency  of  the  coarse  grating.  The  moire  interference  fringes 
in  the  image  will  correspond  to  one  which  would  be  produced  by  two  fine  gratings. 

This  conclusion  is  easily  supported  by  careful  theoretical  analysis.  The  effects 
of  the  remaining  beams  will  be  to  Increase  the  background  noise  in  the  fringe 
pattern,  perhaps  to  the  point  of  obscuring  the  moire  fringes. 
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A striking  feature  of  the  situation  Just  discussed  is  that  the  moire  fringe 
patterns  in  the  camera  image  are  identical,  except  for  background  noise  and  overall 
brightness,  no  nutter  which  ray  group  is  used  to  form  the  image.  It  is  possible, 
and  good  practice,  to  utilize  whichever  group  gives  the  best  fringe  visibility 
witliout  further  worry  about  the  meaning  of  the  fringes.  Stated  another  way,  the 
sensitivity  is  not  increased  by  going  to  a higher  diffraction  order  as  is  the  case 
when  two  similar  gratings  are  superimposed. 

It  is  this  case  where  one  grating  frequency  is  an  integral  multiple  of  the 
other  that  has  such  striking  implications  for  moire  measurement  of  the  type 
used  in  this  study.  It  allows  the  use  of  a coarse  specimen  grating  which  is 
easily  applied  and  photographed.  Wljen  superimposed  with  a finer  grating,  there 
appears  a moire  fringe  pattern  which  is  the  same  as  that  which  would  be  created  by 
two  fine  gratings.  Tliat  is,  a coarse  specimen  grating  gives  a measurement  sensitivity 
which  is  equivalent  to  tiiat  of  a much  finer  grating.  Post'  ^ and  others  have 

obtained  sensitivity  multiplications  of  20  and  30  in  this  way.  A multiplication  of 
was  tiu'  limit  for  this  coldwork  fastener  investigation,  and  a factor  of  3 wa.s  the 
value  most  commonly  used  because  of  the  limited  capability  of  the  optics  and  the 
Jaser  available. 

2 . 2 Opt ical  Fourier  Transforms  and  Spatial  Filtering 

Another  approach  to  understanding  the  creation  of  moire  fringes  by  superimposing 
specimen  and  master  gratings  in  a coherent  optical  system  is  based  on  the  fact  that  a 
simple  lens  acts  as  a Fourier  transforming  device.  A very  basic  discussion  of 
the  concepts  behind  this  technique  and  simple  examples  of  Its  application  are 
contained  in  a paper  by  Cloud.^^  Clark,  Durelll  and  Parks^^  and  Nagae, 

Iwata,  and  Nagata'  t are  only  two  of  the  fine  papers  which  have  written  about 
using  the  technique  in  strain  analysis. 
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Consider  the  situation  shown  In  Figure  6.7  where  collimated  (usually)  coherent 
light  passes  through  some  optical  signal  f(x,y),  which  often  takes  the  form  of  a 
transparency  having  a transmission  function  which  is  a function  of  the  space 
coordinate.  The  modulated  light  beam  then  passes  through  a simple  lens.  There 
will  be  produced  at  the  back  focal  plane  of  the  lens  (the  focus  for  the  undisturbed 
light  beam)  a diffraction  pattern  which  is  simply  related  to  the  square  of  the 
amplitude  of  the  Fourier  transform  of  the  input  signal.  If  the  input  is  a sinusoidal 
grating,  for  example,  as  pictured  in  Figure  6.8  the  transform  plane  will  exhibit 
three  bright  patches.  The  central  dot  corresponds  to  the  uniform  field  or  "D.C." 
component  of  the  input.  The  other  two  dots  indicate  the  spatial  frequency  content 
of  the  input  signal,  with  radial  distance  in  the  transform  plane  representing  spatial 
frequency  in  the  input  plane.  If  the  input  signal  is  a "square  wave"  bar  and  space 
grating  (see  Figure  6.8)  there  will  be  in  the  transform  plane  a row  of  dots  whose 
positions  and  brightnesses  indicate  the  presence  and  importance  of  various  harmonics 
of  the  fundamental  sp.ace  frequency  at  the  input.  A two-dimensional  grid  input 
will  generate  a Fourier  spectrum  at  the  transform  plane  which  is  a two-dimensional 
array  of  dots  corresponding  to  the  two-dimensional  Fourier  transform. 

Now,  if  another  lens  is  placed  at  or  near  the  tranform  plane,  the  image  of  the 
original  Input  may  he  cast  on  the  screen.  Such  a process  is  shown  In  Figure  6.9.  The 
second  lens  forms  the  inverse  transform  to  recover  the  original  input  signal.  It 
is  possible  and  often  useful,  however,  to  modify  the  frequency  content  of  the  optical 
Image  at  the  Fourier  transform  plane  before  completing  the  inverse  transform.  This 
task  can  be  accomplished  by  blocking  or  otherwise  changing  some  portion  of  the  light 
distribution  at  the  transform  plane.  Such  a procedure  Is  called  spatial  filtering, 
coherent  optical  data  processing,  or  optical  Fourier  processing. 

A fundamental  example  of  optical  Fourier  processing  is  shown  in  Figure  6.10. 

Here,  the  input  signal  Is  a 2-dimenslonal  grid  of  crossed  lines  which  produces  a 
2-dimena lonal  array  of  dots  at  the  transform  plane.  All  the  dots  except  the  central 
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viM  tUnl  row  aro  blocked  by  a suitable  screen  with  a slit  which  is  placed  In  the 
transform.  The  inverse  transform  created  by  the  second  lens  is  found  to  be  a 
simple  ^ratinR  of  vertical  parallel  lines.  The' horizontal  family  of  lines  is 
suppressed  by  the  optical  filter  which  has  removed  all  the  light  rays  required  to 
image  the  horizontal  lines.  The  potential  usefulness  of  such  a process  Is  very 
great.  Figure  6.11  illustrates  what  can  be  done  in  modifying  the  appearance  of  a 
single  character  by  blocking  either  the  high-frequency  or  low-frequency  components, 
line  can  Imagine  many  applications  In  image  enhancement,  noise  reduction,  character 
recognition,  and  optical  coding.  A fundamental  advantage  is  that  the  procedure  is 
a simultaneous  analog  treatment  of  a whole  optical  field.  The  whole  scene  or 
message  can  be  hidden  in  code,  modified  by  removing  portions  of  its  frequency 
content,  or  recovered  In  one  operation. 

In  the  elementary  situation  under  study  here,  two  superimposed  gratings  are 
placed  in  an  optical  data  processing  system.  A Fourier  spectrum  of  the  gratings 
is  created  at  the  transform  plane.  All  hut  one  of  the  bright  dots  (actually  two 
or  more  brigljt  Jots  close  together)  are  eliminated  by  a pinhole  in  a dark  mask. 

The  1 Igtu  in  tins  one  dot  is  used  to  form  an  image  on  a screen  by  the  second  lens — 
this  lens  and  screen  combination  being  an  ordinary  camera.  The  image  is  constructed, 
then,  of  light  which  carries  with  it  information  about  ti>e  periodic  structure  of  the 
two  gratings  for  whatever  fundamental  space  frequency  has  been  chosen  by  the  placement 
of  the  pin  hole.  The  only  rays  which  get  through  tlie  pin  hole  are  those  which 
have  been  modulated  by  the  gratings  at  a single  space  frequency  which  may  be  the 
fundamental  grating  frequency  or  one  of  its  harmonics. 

A distinctive  feature  of  this  approach  is  that  it  considers  the  output  Inuige 
of  the  gratings  to  consist  of  a desirable  signal  plus  a groat  deal  of  other  information. 
The  important  signal,, which  is  the  moire  pattern,  l.s  made  visible  by  sifting  it 
from  .ill  the  extra  information.  We  have  a certain  latitude  in  selecting  the  infor- 
mation that  best  suits  a given  purpose.  Selection  of  higher  frequency  components 
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will  i>,ivo  moiro  sensitivity  multiplication,  for  example,  vlien  the  input  gratinj’s 
are  ol  similar  space  frequencies.  All  the  flexibility  discussed  in  the  context  of 
the  diffraction  model  (see  Section  VI-2.1)  has  its  parallel  in  the  Fourier  fllterinj; 
mode  I . 

Having  two  explanatory  models  of  the  same  physical  phenomenon  raises  the 
question  of  which  one  is  correct — or  are  both  faulty?  Actually,  the  two  explanations 
are  not  ditferen*  in  basic  cvincepts.  The  difference  is  one  of  emphasis  In  the 
diffraction  model,  we  look  upon  the  diversion  of  portions  of  the  incident  beam  of 
ligljt  as  the  important  feature.  With  the  Fourier  processing  approach,  we  are 
concerned  with  the  transfer  characteristics  of  an  aperture  which  happens  to  have 
a lens  in  it,  given  an  optical  signal  which  is  already  generated  by  passing  light 
througlj  a transparency.  Of  course,  the  lens  would  not  work  correctly  if  the 
t ran  spa  retie  y did  not  divert  portions  of  the  incident  beam  by  diffraction.  So,  the 
combining  and  rat ionallzing  of  the  two  approaches  may  be  pursued  to  a final  consistent 
model.  The  price  to  be  paid  for  this  nicety  is  a small  increase  of  complexity. 

Further  study  of  the  problem  will  not  contribut  to  the  goals  of  this  work,  so  it 
wi  1 1 be  .ibandoned  with  one  final  observation.  As  so  often  is  the  case  with  optical 
processes,  the  uniting  physical  phenomenon  is  that  of  interferenco . This  property 
ot  light  is  what  makes  visible  for  study  those  minute  differences  of  propagation 
directions  or  wavefront  shapes  which  are  the  physical  manifestations  of  important 
proci'sses  such  as  diffraction,  double  refraction,  and  so  on. 
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i.  I'OKMATION  OF  MOlUK  FKlNOIs  FHOTOOR/XFUS 

Tho  proceO liij;  two  sections  hnvo  ontlluod  in  jU'nernl  terms  the  function  of  the 
optical  ftlteriU}',  syslom  wliicli  is  uacil  to  construct  moire  friitnc  pitot  oy.raphs  from 
a specimen  grating  pitotoplatc  comliinod  with  a sultmastor  grating.  'I'tio  opt  leal 
system  devised  for  this  purpose  Is  pictured  schenuit leal! y in  Figure  (>.12;  and  a 
plioio-^raplt  of  one  version  of  tlte  itctual  hardware  used  are  presenteil  in  Figure  O.ll. 
■fhis  apparatus  was  subject  to  a continuing  process  of  ntoiM  fl cat  ion  .■md  upgrading 
and  the  details  discussed  holow  differ  In  minor  ways  from  what  is  visible  in  tho 
photographs. 

The  light  sotirce  used  for  most  of  this  study  was  a 10  milliwatt  Helium-Neon 
CW  laser  iivtdo  by  Jodon  Corporation  of  Ann  Arbor,  Michigan.  The  laser  beam  p.issed 
through  a simple  and  rather  crtido  Caertner  spatial  filter  wlUch  coiwerted  it  to  .t 
modetatoly  clean  divergiitg  he.am.  This  beam  wa.s  directed  to  .»  .stiherival  iO!t  > enomi  c.i  I 
telescope  mirror  of  A inch  diameter  obt.tined  from  F.dmund 
Scientific  Company.  The  mirror  folded  the  beam  back  .tlong  the  eptie.tl  .»Kis  ef 
tho  processor  to  compensate  for  lack  of  .»  long  onotigh  .space,  .'.nd  it  .il.se  eollim.ued 
the  expanded  beam.  The  moire  svdimasrcr  grating  and  tho  plunoi' lat  c of  the  specimen 
crating  were  placed  emvilsion  sides  logethor  in  the  opt  ic.al  path  nonii.'l  to  the 
light  beam,  and  tliey  were  clamped  and  held  to  an  .'ptie.il  imniiu  bv  .spi  inp,- 1 vpe 
clv'thcsp in.s.  Trial  experimentation  showed  th.at  no  fluid  was  needed  bt'tween  tin- 
plates.  After  passing  through  the  photoplate,  the  beam,  now  cent. lining  difiract  ion 
conipononts,  was  decol  I imatcvl  hy  the  simple  lenses  (sometimes  onel  ,n't  inv.  in  sevii's. 
These  lenses  were  also  obtained  from  Kduuind  Soientifie  Co.  .ind  were  A inches 
(102  niuO  iti  diameter  with  fi>eal  lengths  of  22  ineltes  (Sbd  mnO . ITie  t oc.il  pl.ine 
of  tho  system  was  found  by  trial  with  the  data  pl.ites  removed.  In  thi.s  pl.ine. 
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which  Is  the  transform  plane  of  the  field  lens  combination,  was  placed  a black 
paper  screen  containing  a hole  of  approximately  3/32  inches  diameter.  The  screen 
was  actually  contained  in  the  filter  mount  of  a 135  mm  Nikon  camera  lens  which 
was  mounted  along  with  several  extension  rings  upon  a Nikon  F camera.  The  camera  was 
mounted  on  a swinging  bar  so  that  the  hole  in  the  filter  mask  could  be  made  to 
coincide  with  the  chosen  ray  grove,  a series  of  which  appear  as  bright  spots  in  the 
diffraction  pattern.  Selection  of  the  proper  bright  patch  must  be  accomplished 
with  the  camera  pointed  so  as  to  focus  an  image  of  the  specimen  grating  plate 
on  the  camera  film.  The  whole  assembly,  with  the  exception  of  the  laser  and 
spatial  filter  which  were  mounted  on  a separate  pedestal,  was  mounted  on  a simple 
optical  bench  of  triangular  cross-section  which  was  obtained  along  with  component 
carriers  from  Ealing  Optical  Corp. 

The  camera  was  focussed  in  the  apparent  plane  of  the  data  plates  as  seen  through 
the  field  lens.  After  proper  adjustment  of  the  grating  photoplates,  a moire 
pattern  was  visible  in  the  image  of  the  specimen  seen  in  the  camera  viewfinder. 

After  final  adjustment  of  the  plates  to  eliminate  rigid  body  rotation  effects  in 
the  fringe  pattern,  the  pattern  was  photographed.  The  fringe  photograph  negatives 
were  made  on  Kodak  Trl-x  film,  with  Plus-x  film  being  used  sometimes.  Exposures 
were  worked  out  by  trials.  In  practice  there  is  a great  deal  of  exposure  latitude 
to  be  exploited  in  this  photography  of  monochromatic  high  contrast  fringe  patterns. 

It  is  at  this  point  that  the  flexibility  of  the  optical  data  processing 
procedure  becomes  useful.  The  baseline  (zero  strain)  and  deformed  grating  data 
are  permanently  stored  on  glass  photographic  plates.  It  is  possible  to  superimpose 
these  plates  with  different  submaster  gratings  in  order  to  gain  maximum  useful  sensi- 
tivity multiplication  and  to  Improve  subsequent  fringe  reading  and  data  analysis  by 
optimizing  the  spatial  frequency  mismatch  of  the  superimposed  gratings. 
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In  practice.  It  worked  out  that  the  specimen  grating  photographs  had  a spatial 
frequency  of  762  Ipl  (30  llnes/mm)  which  results  with  a specimen  grating  of  1000  Ipl 
magnified  1.3  times.  These  plates  could  be  superimposed  with  submasters  of  around 
2200  Ipi  to  get  a sensitivity  multiplication  of  3,  or  of  1542  Ipi  for  a multipli- 
cation of  2.  The  various  mismatches  were  chosen  to  yield  the  closest  fringe 
spacing  obtainable  with  good  fringe  visibility.  Most  grating  photoplates  were 
precessed  with  at  least  3 mismatch  levels,  and  sometimes  with  more  than  one 
sensitivity  multiplication  factor  for  checking  purposes  and  because  it  was  not 
possible  to  assess  the  quality  of  a dense  fringe  pattern  through  the  camera 
viewfinder,  which  was  used  without  a magnifier. 

To  be  specific,  for  most  of  this  study,  each  baseline  photoplate  and  each 
data  photoplate  was  superimposed  in  the  processor  with  submaster  grating  plates  of 
2200,  2225,  and  2256  Ipl.  For  specimen  gratings  of  poor  quality,  a sensitivity 
multiplication  of  3 was  not  practicable,  and  submasters  of  1535  and  1492  Ipi 
were  used.  Some  fringe  patterns  were  made  for  checking  purposes  with  submasters 
at  763  Ipl.  For  several  of  the  specimens,  all  or  most  of  these  several  moire 
patterns  were  analyzed  to  give  redundancy  of  data.  This  extra  information  was 
useful  In  gaining  an  appreciation  of  probable  errors  and  In  studying  the  sensitivity 
of  the  data  output  quality  to  variations  In  the  optical  data  processing. 

It  was  also  possible  at  this  stage  to  select  by  trial  submasters  which  had 
density  and  diffraction  characterlsltcs  which  balanced  with  the  properties  of  the 
specimen  grating  to  produce  the  best  fringe  pattern.  Also,  the  ray  group  which 
gave  best  fringe  visibility  could  always  be  selected. 

Following  normal  development  of  the  35  mm  negatives  of  the  fringe  patterns  In 
C-76  (Kodak  D-76  plus  crone  additive),  they  were  sorted,  cataloged,  and  coded.  Most 
of  them  were  then  enlarged  and  printed  In  8x10  size  for  numerical  fringe  analysis. 
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liiilarijlng  was  iloue  In  a Durst  enlarger  using  the  second  lightest  contrast  filter 
with  Kodak  polycontrast  enlargi  ig  paper.  Final  printed  Image  to  specimen  ai/.c  ratio 
was  approximately  7. 

Samples  of  three  of  the  moire  fringe  patterns  obtained  are  reproduced  in 
Figures  6.1''i  tliroiigh  6.  Ifi. 
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SECTION  VII 

REDUCTION  OF  MOIRE  FRINGE  DATA 


1.  GENERAL  REMARKS 

A moire  interference  fringe  is  a locus  of  points  where  the  in  plane  displace- 
ments of  the  specimen  surface  normal  to  the  grating  lines,  plus  pitch  mismatch  if  it 
exists,  is  a constant  multiple  of  the  pitch  (period)  of  the  grating.  Figure  7.1 
shows  in  graphic  form  the  process  of  reduction  of  the  fringe  patterns  to  obtain  strain. 
The  steps  are  outlined  below. 

A picture  of  an  in-plane  displacement  component  can  be  constructed  by  plotting 
moire  fringe  order  along  a given  axis  in  the  specimen,  subtracting  the  pitch  mismatch 
(baseline)  fringe  orders,  and  multiplying  the  remainder  by  the  Inverse  of  the 
grating  spatial  frequency  and  the  fringe  multiplication  factor  (sensitivity  multi- 
plication) used  in  the  optical  data  processing. 

Once  a map  of  a displacement  component  Is  obtained,  the  corresponding  strain 
component  can  be  generated  by  calculating  the  derivative  of  displacement  with  respect 
to  the  appropriate  space  variable. 

For  example,  if  the  grating  lines  are  aligned  with  the  y-axls  in  the  specimen, 
then  the  x-component  of  displacement,  u^,  is  given  by  the  moire  fringe  pattern.  A 
plot  of  u along  any  x-axis  Is  easily  constructed.  The  derivative  of  u with 

^ X 

respect  to  x (3u  /3x)  is  the  x component  of  normal  strain,  c . Other  displacement 

and  strain  components  are  obtained  by  logical  extension  of  this  idea.  It  is  not 

wise,  however,  to  develop  the  shear  strain  Information  by  using  the  cross  partial 

derivatives  Du  /Dy  and  Du  /Dx,  as  these  quantities  arc  sensitive  to  errors  caused 
X y 

by  relative  rigid  body  rotations  of  the  two  gratings.  If  shear  strain  is  to  be 
measured,  then  the  best  procedure  is  to  obtain  a measurement  of  normal  strain  along 
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a third  axis  Inclined  to  the  x and  y system.  The  strain  rosette  equations  may 

then  be  used  with  the  3 normal  strain  components  to  find  shear  strain  e . That 

xy 

the  normal  strain  is  not  affected  by  moderate  relative  rotation  of  the  gratings  is 
easy  to  prove. 

In  this  investigation  the  results  sought  were  plots  of  normal  strain  in  the 
radial  direction  along  radial  axes.  Tangential  strains  along  radial  axes  were 
desired  for  some  of  the  specimens.  These  two  determinations  complete  the  surface 
strain  analysis,  because  symmetry  conditions  demand  that  the  shear  strain  in  the 
radial-tangential  coordinate  system  be  zero;  that  is,  the  two  normal  strains 
measured  are  the  principal  strains. 

The  reduction  of  moire  fringe  data  to  obtain  strains  can  be  performed  by 
graphical  methods,  numerical  techniques,  or  a combined  approach.  VHien  planning 
a data  reduction  program,  it  is  well  to  remember  that  differentiation  of  experi- 
mental data  is  necessary.  Such  differentiation  is  an  inefficient  process  in  that 
it  is  laborious,  often  gives  poor  results  if  not  done  with  extreme  care,  and 
an  estimate  of  errors  is  difficult  to  obtain.  Careful  graphical  processing  is 
probably  as  dependable  as  any  approach  because  it  allows  constant  critical  study 
of  all  Intermediate  results. 

For  this  investigation,  the  volume  of  moire  data  made  numerical  processing 
highly  attractive.  A numerical  reduction  computer  plotting  scheme  was  developed 
which  incorporated  most  of  the  advantages  of  high  speed  computing  while  retaining 
desirable  features  of  the  graphical  approach,  such  as  allowing  examination  of 
intermediate  results  and  the  introduction  of  a controlled  small  degree  of  data 
smoothing.  The  procedures  followed  were  tailored  to  the  digital  equipment  Immediately 
at  hand  and  they  did  not  achieve  maximum  efficiency  in  terms  of  human  labor  or  com- 
puter time.  The  process  was  quite  acceptable  for  the  given  situation,  but  Improvements 
would  be  appropriate  if  continued  use  of  the  moire  technique  is  planned.  Some  such 
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modifications  are  mentioned  where  appropriate. 

Certain  aspects  of  Che  data  reduction  procedure  for  tangential  strain  differed 
from  Che  scheme  for  determining  radial  strain.  The  radial  strain  measurement  Is 
described  in  detail  in  Sections  2 and  A of  this  chapter,  and  variations  incor- 
porated for  tangential  strain  determination  are  described  in  sections  3 and  5. 

2.  DIGITIZING  MOIRE  FRINGE  DATA  - RADIAL  STRAIN 

The  steps  Involved  in  digitizing  and  reducing  the  moire  fringe  photos  to 
obtain  radial  strain  near  the  coldworked  hole  for  a situation  incorporating 
sensitivity  multiplication  and  pitch  mismatch  Interpolation  are  summarized  pictorially 
in  Figure  7.2.  This  figure  represents  the  reasoning  outlined  in  section  7.1  and 
Figure  7.1  applied  specifically  to  the  problem  at  hand. 

Recall  from  Section  VI  that  the  results  of  the  moire  grating  photography 
and  optical  data  processing  were  8x10  inch  en*  .rgements  showing  the  moire  fringes 
in  the  area  near  the  hole  along  with  various  identifying  labels  and  fiduciary  marks. 

In  order  to  obtain  normal  strain  along  an  axis  (call  it  the  x-axls)  normal  to  the 
grating  lines,  it  is  first  necessary  to  obtain  a record,  in  this  case  in  digital 
form,  of  the  distance  along  that  axis  from  a fiduciary  mark  to  each  moire  fringe. 

In  the  end,  it  was  desirable  to  have  the  strain  reported  as  a function  of  the 
distance  from  the  hole  boundary.  The  exact  hole  edge  is  not  easily  established  in 
the  data  photos,  however,  so  initial  stages  of  the  analysis  were  cast  in  terms  of 
distance  from  a mark  remote  from  the  hole.  The  data  was  then  converted  by  using 
the  measured  distance  on  the  specimen  itself  from  the  fiduciary  mark  to  the  hole. 

The  first  step  was  to  number  the  moire  fringes  and  identify  the  various 
fiduciary  marks  and  the  orientations  of  the  specimens  In  the  pictures.  An 
example  of  a fringe  photograph  prepared  for  digitzlng  Is  reproduced  in  Figure  7.3. 

This  preparation  had  to  be  done  for  a data  photo  and  for  its  matching  baseline 
fringe  pattern.  Numbering  of  the  fringes  was  usually  easy  in  this  situation, 
because  the  strain  increases  ns  the  hole  is  approached.  The  counting  of  fringe 
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orders  can  begin  anywhere  because  absolute  fringe  number  Is  not  important;  it 
is  very  important,  however,  that  numbers  or  fringes  be  not  repeated  or  skipped. 

In  all  the  analyses,  each  Individual  run  on  each  side  of  each  hole  was 
treated  separately.  The  results  were  brought  together  only  at  the  end  of  the 
study  when  average  values  were  calculated. 

Digitizing  of  the  fringe  patterns  was  performed  on  a Hewlett-Packard  Model 
9820  desk  top  computer  with  a Model  9864A  Digitizer  Module  attached.  A one- 
dimensional  digitizing  program  was  prepared  especially  for  moire  fringe  pattern 
analysis.  An  annotated  copy  of  this  program  is  duplicated  in  Appendix  A along 
with  a typical  output  printing.  This  program  automatically  scales  the  data  to 
real  specimen  dimensions  and  Incorpor.ates  a scale  checking  feature.  It  also  allows 
for  entry  and  printing  of  photograph  and  specimen  number  and  the  various  moire, 
parameters  needed  in  later  calculations  such  as  grating  pitch  and  sensitivity 
multiplication  factor.  As  is  typical  of  such  programs,  it  is  independent  of 
position  or  oiientatlon  of  the  fringe  photograph  upon  digitzer  platform.  A more 
unusual  feature  is  that  it  is  not  sensitive  to  displacement  of  the  cursor  unit 
normal  to  the  axis  of  interest.  This  characteristic  allowed,  for  example,  use 
of  fiducial  narks  which  were  not  on  the  axis  under  study  for  scaling  and  scale 
cliccking.  That  is,  a mark  at  the  extreme  top  of  the  picture  would  be  used  in 
entering  scaling  data  when  fringe  locations  along  the  horizontal  centerline  of 
the  hole  were  being  digitized. 

Following  initial  entry  of  the  various  parameters  requested  by  the  program, 
the  locations  of  fringe  intersection  with  the  axis  under  study  arc  entered  with 
the  cursor.  In  this  study,  it  was  thought  sufficient  to  enter  only  the  integral 
order  fringes  (the  dark  hands),  although  the  half-orders  (white  bands)  could  h.ivo 
been  digitized  also  .and  the  printed  results  currocted  In  the  later  computer  data 
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The  digitizer  program  automatically  counts  the  fringes  as  they  are  entered 
after  being  given  an  initial  value.  This  convenience  had  its  faults  In  that  the 
user  had  to  be  careful  when  it  was  necessary  to  check  an  entry  by  digitizing 
the  . '‘rlnge  twice.  The  i^rogram  is  constructed  so  that  the  fringe  counting 
and  digitizing  can  be  restarted  at  any  value,  but  it  seemed  as  easy  to  start 
over  on  a given  set  of  data  if  an  error  was  suspected. 

As  mentioned,  the  digitizing  process  was  applied  to  a moire  data  photograph 
(after  coldwork)  and  a zero  strain  (before  cold  work)  baseline  photograph. 

These  two  sets  of  digitized  fringe  data  form  a unit  for  computation  and  plotting 
of  displacement  component  and  strain  component  with  proper  correction  for  grating 
pitch  mismatch  or  other  peculiarities  of  a given  test. 

Several  different  sets  of  data  were  obtained  for  each  hole  studied  by 
the  use  of  moire  photos  obtained  with  different  multiplication  factors  and 
pitch  mismatches.  In  several  cases,  the  same  photographs  were  digitized  twice 
in  order  to  analyze  experimental  errors  derived  from  the  digitizing  process. 

The  data  printouts  from  the  digitizer  were  carefully  cataloged  and  mounted 
on  sheets  of  paper  in  order  that  they  not  be  damaged  or  mixed.  Digitizing 
was  the  most  tedious  of  all  the  steps  in  the  experiment  and,  therefore,  the  one 
least  likely  to  be  favored  for  repetition.  The  data  were  then  read  from  the 
printed  copy  and  punched  on  computer  cards  to  fit  the  Input  format  of  the 
computer  programs  for  data  analysis  and  plotting. 


3.  DIGITIZING  HOIRE  FRINGE  PATTERNS  IN  TANGENTIAL  STRAIN 

Digital  reduction  of  the  moire  fringe  photographs  to  obtain  a mapping  of  temgential 
strain  (c^)  along  a radial  x-axls  was  somewhat  more  complex.  To  obtain  the  grating 
must  be  aligned  with  the  x-axis.  Plotting  of  fringe  order  and  differentiation  must  be 
done  along  y-axesi  since  Cy  " 9Uy/3y.  A plot  of  fringe  order  with  respect  to  x-dietance 
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from  a fid\icial  work  is  of  no  use.  llataer,  it  is  necessary  to  obtain  and  analyze  u series 

of  plots  of  fringe  order  with  respect  to  distance  in  the  y-direction  in  tlu;  vicinity 

of  the  x-axis.  This  procedure  is  carried  out  for  as  many  y-axes  as  needed  to 

obtain  a complete  picture  of  along  tbi  x-axis.  From  t'nc  values  of  strain 

obtained  at  the  intersection  of  the  several  y-axes  and  the  x-axis,  a plot  of 

versus  x can  be  developed.  A pictorial  summary  of  the  process  is  shown  in  Figure  7.4. 

After  cataloging  the  photographs  and  locating  the  fiducial  marks,  each  of  the 
data  (afer  coldwork)  and  baseline  (before  coldwork)  photographs  which  were  taken  v/ith 
the  gratings  oriented  for  determining  c.^  vs  x had  a series  of  y-axes  inscribed  with 
a ballpoint  pen.  These  axes  were  located  or  the  fringe  photo  so  that  they  were  0, 

.01,  .02,  .04,  .1,  and  .2  inches  from  the  hole  edge  in  teal  specimen  dimensions. 

A sample  data  photograph  so  prepared  is  reproduced  in  Figure  7.5. 

After  this  preparation,  the  photographs  were  digitized  by  the  technique, 
apparatus,  and  program  described  in  Section  7.2,  except  that  the  locations  of  the 
m oire  fringe  intersection  with  each  y-axis  were  digitized,  and  the  location  of  that 
y-axis  from  the  liole  was  entered  on  the  printer  tape.  The  data  from  a given  y-axis 
on  a data  photo  was  marked  with  the  data  from  the  correspondirrg  y-axis  on  the 
appropriate  baseline  photo.  A typical  set  of  this  data  is  reproduced  in  Appendix  A. 
bach  of  these  sets  was  mounted  on  paper  sheets  for  tiling,  then  punched  onto  computer 
cards  for  computer  processing. 

Although  it  seoins  to  be  tedious  and  complicated,  the  digitization  of  the  fringe 
patterns  for  tangential  strain  calculation  proved  quite  simple  and  not  very  time 
consuming.  Part  of  the  reason  is  that  each  set  of  data  contains  far  fewer  entries 
than  docs  each  batch  of  radial  strain  data.  Also,  the  strvicture  of  the  digitizing 
program  and  the  HP  9820  Computer  make  it  possible  to  recycle  the  program  without 
reentering  all  the  initial  parameters.  In  fact,  the  moire  photos  proved  free  enough 
f rom  distortion  and  odd  shifts  of  moire  fringes  that  a single  set  of  baseline  data 
could  be  used  for  each  y-axes  on  the  data  photo.  In  addition,  the  entry  of  fiducial 
marks  by  the  digitizer  to  sec  the  zero  and  scale  factors  would  only  have  to  be  done 
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onoo  for  a given  photograph,  i'hose  l;ist  two  shor touts  wore  not  n1.iii7.Gd,  and  tliey 
are  not  rcoonimondcd  except  in  extremity  because  resultant  .scaling  faults  and  errors 
from  distortions  induced  by  tlie  multi-stop  pltotograph  ic  reproduol  ion  proce.ss 
represent  errors  whio.ii  cannot  be  (ietoctod  or  assessed  In  file  final  results. 

/(.  DATA  REDUCTION  AND  I'l.OTTlNC-RADIAL  DISPi.ACEMENT  ANi)  STRAIN 
A . 1 Introductory  Comments 

'IVo  computer  progranus  for  reducing  data  ami  plotting  results  were  prepared 
by  Lt.  Alan  Miller  of  Air  I'oroe  Materials  Lab-Computer  Activities  llraiU'.l\  (AFMIj/DOC) 
using  a spline  function  smootiiing,  curve  fitting,  and  interpolation  algorithm  witic.h 
itad  been  progranuned  by  Dr.  C.  P.  Poirier  of  Aeronautical  .Systems  Div.  Computer 
Center  (ASD/ADDS).  Copies  of  ti\ese  two  programs,  which  are  closely  related  to  one 
anotlier,  are  provided  in  Appetidtees  D and  C along  with  annotated  sample  sets  of  data 
as  would  lie  punched  on  cards,  'these  tvKi  programs  are  described  in  tlie  following  two 
sections.  A tliird  routine  was  derived  for  generating  a set  of  staiistical  summary 
plots  for  oac.li  coldworking  level  am!  for  the  whole  exiiorimrnt.  That  program  Is 
described  in  Sect  ion  7 . A . A . 

A . 2 Detailed  Analysis  aiul  Plots  of  Single  Data  Sets 

Tlie  first  comptiter  program  (Appendix  K)  was  designed  to  give  a detailed 
picture  by  printout  (if  desired)  and  graphlc.al  output  wliicb  allows  study  of  tlie 
original  input,  tlie  computed  di.splacement  field,  and  tile  computed  strain  map.  A 
small  degree  of  data  smootiiing  is  contained  in  only  tiie  first  data  plotting  stage. 
‘Subsequent  operations  are  on  ordinary  point-by-point  interpolation  and  finite 
tiifference  scliemes. 

Tlie  operations  iierformcd  by  tlie  detailed  analysis  routine  (Appendix  i>)  are  as 
fol lows : 
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1.  Read  in  data  containing  set  designation  (specimen  number  plus  other 
identifiers),  moire  sensitivity  multiplication  factor  from  optical  fringe  data 
processing,  moire  grating  spatial  frequency,  distance  from  primary  fiducial 
mark  to  edge  of  hole,  the  maximum  fringe  order  to  be  entered,  and  distances 
from  fiducial  mark  to  intersection  of  each  moire  fringe  with  the  x-axis  under- 
study. The  maximum  fringe  order  and  fringe  locations  for  the  baseline  fringe 
pattern  are  also  read. 

2.  Generate  fringe  order  niunbers  to  match  each  fringe  location  entered 
as  data • 

3.  Kit  the  baseline  and  coldwork  data  with  two  cent Inuovis  smooth  curves 
by  means  of  a cubic  spline  smoothing  routine.  The  degree  of  smoothing  can 

bo  specified  by  the  user;  a minimum  value  was  chosen  for  this  study. 

4.  Interpolate  the  calculated  curves  to  obtain  fringe  number  as  a function 
of  distance  from  the  fiducial  mark  at  100  points  on  the  data  and  baseline  curves. 
Tlie  maximum  range  of  the  curves  is  sorted  out  and  divided  by  100  to  establish  the 
nodes,  which  must  be  co!nnK>n  to  both  data  and  baseline  curves . 

5.  Subtract  the  baseline  fringe  order  from  the  coldwork  hole  fringe 
orders  for  each  of  the  100  points  and  multiply  this  difference  by  the  pitch 
(reciprocal  of  spatial  frequency)  of  the  grating  on  the  specimen  and  divide  by 
the  sensitivity  multiplication  factor  to  obtain  the  radial  displacement  function 
u for  the  chosen  x-axis. 

X 

f>.  Subtract  the  distance  from  the  fiducial  mark  to  the  hole  edge  from 
each  nodal  x-value,  which  is  distance  to  fringe  order  from  the  fiducial  mark, 
in  order  to  have  all  results  reported  in  terms  of  distance  from  the  hole. 

7,  Compute  by  finite  differences  the  first  derivative  of  displacement 
with  rcs))ect  to  distance  from  the  hole;  this  result  is  the  radial  strain  at  each 
of  the  100  nodes. 
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8.  Print,  if  ordered  by  the  input  control  cards,  all  values  of  input 
fringe  orders,  displacements,  strain,  and,  in  addition,  hio'*  derivatives  of 
displacement  with  respect  to  distance  from  the  hole  which  have  m useful  meaning 

9.  Scale  -.^fa  and  generate  a plot  of  the  input  data  and  baseline 

curves.  This  graph  shows  fringe  data  points  and  the  smoothed  curves. 

10.  Plot  radial  displacement  as  a function  of  distance  from  the  hole. 

11.  Plot  radial  strain  as  a function  of  distance  from  the  hole. 

12.  Start  over  with  the  next  complete  set  of  date  and  continue  for  up  to 
three  sets,  a limit  which  is  imposed  by  computer  time  limits. 

Samples  of  each  of  the  three  graphs  produced  by  this  routine  are  shown  in 
Figures  7.6a-7.6c. 

As  mentioned  above,  the  main  purpose  of  this  analysis  program  was  to  allow 
detailed  study  of  each  sot  of  data  and  the  results  it  produced.  Input  errors, 
such  as  faulty  card  punching  or  skipping  a fringe  during  digitizing,  were  immediately 
evident.  As  proficiency  and  accuracy  increased,  this  routine  was  used  only  as  a 
last  resort  for  data  sots  which  seemed  as  if  they  might  contain  faults  when  processed 
by  the  less-detailed  summary  plotting  routine. 

4 . J Analysis  and  Summary  Plotting  of  Multiple  Data  Sets 

The  computational  scheme  of  the  second  computer  routine  (Appendix  C)  is 
essentially  a duplicate  of  the  one  just  described;  it  differs  in  the  input  require- 
ments and  in  the  output.  The  purpose  of  this  program  is  to  generate  a single  plot 
of  the  calculated  radial  strain  versus  distance  from  the  hole  which  contains 
several  sets  of  the  data  obtained  for  any  one  hole.  Recall  from  the  section  on 
digitizing  that  several  sets  of  data  were  developed  for  each  hole  because,  first, 

It  was  necessary  to  consider  the  two  opposite  sides  of  the  hole  separately  and,  second 


87 


0 40 


SET  NO.  C3RL14812 


\KM1  -TK  ;,M  \-y\ 


O'  8 

,.OI* 


''T  ■ T' 

0-8  O-t- 


T' 

O'K 


iNawaovidsia 


8 

o 

8 


0^ 


o-j- 


? 


t'  Tyi'iortl  iir.’niis  tienernted  I'v  dotniled  dntn  rediict  Iv'in 
(b)  Raiiirtl  tU apl.iconont  plot. 


S*> 


DISTANCE  FROM  HOLE  (in. 


SET  NO  . C3RL14812 


lu  ■ '.s-  r. « 


r— 
BO  • 0 


1 — 

go  • 0 


y , , , 

to  • 0 80  • 0 20  -0  10  • 0 

NIVHIS  aAISSaHdWOO 


00  - 0 


8 

T 


l'  I HUfl' 


r.b  Typical  virnphs  aencratod  by  detailed  data  reduction  prom  am: 
(c)  nadial  ntinin  plot. 


1-10  0-15  0-20  0-25  030  0-35  0-40 

DISTANCE  FROM  HOLE  (in.) 


AFML-TR-78-153 


to  give  some  statistical  meaning  to  the  end  result  and  facilitate  assessment  of 
probable  errors  and  uncertainty.  This  program  sximmarized  all  the  data  for  one  hole  on 
one  graph.  It  offers  an  immediare  indication  of  the'  repeatability  of  results  as 
well  as  differences  between  opposite  sides  of  the  hole  and  possible  effects  of 
modification  of  digitizing  or  optical  data  analysis  procedures. 

An  example  of  such  a plot  is  given  in  Figure  7.7.  Many  more  of  these  graphs 
are  presented  with  the  results  in  Section  VIII.  One  is  included  here  so  that  this 
section  on  technique  can  be  studied  by  itself. 

4.4  Statistical  Analysis  and  Plotting  and  Composite  Plots 

A third  computer  program  was  devised  by  the  author  to  serve  two  purposes  in  the 
final  stages  of  data  analysis.  First,  it  applied  simple  statistics  to  all  the  data 
obtained  for  each  hole  (or  each  side  of  a hole)  and  generated  printout  and  plots 
showing  average  strain  and  its  standard  deviation  at  approximately  20  points  on  the 
curve.  The  second  function  of  this  program  was,  with  only  very  trivial  modifications 
to  create  composite  summary  plots  of  the  radial  strain  map  for  all  degrees  of  cold- 
working which  were  studied. 

The  program  listing  and  sample  data  for  one  hole  appears  in  Appendix  D along 
with  a sample  of  the  printed  output.  Samples  of  each  type  of  graphical  output  from 
this  program  are  reproduced  in  Figures  7.8  and  7.9  for  study.  Several  more  of  these 
plots  are  presented  as  results  in  Section  VIII. 

It  is  important  to  realize  that  this  routine  was  written  for  the  computing 
and  computer  graphics  facilities  at  Imperial  College,  London,  England,  during  the 
author's  tenure  there.  It  catinot  be  used  with  Air  Force  Materials  Laboratory  compu- 
tational facilities  without  modification,  although  the  basic  algorithm  and  graphical 
format  are  appliceible. 
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measured  for  one  liole. 
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The  data  for  this  analyaes  was  ^jencrated  by  sealing  strain  valvins  at  sovoral 
distances  from  the  hole  from  all  of  the  curves  previously  generated  for  each  lK>le. 
Aildittonal  data  includes  hiile  label  and  interference  level,  number  of  [xtints  aloiu) 
the  distance  axis,  the  values  of  this  distance  scaled  from  the  graphs  in  inches,  the 
n umber  of  curves  which  are  used  as  data,  and  the  radial  strain  (scaled  in  inches)  from 
cat'll  curve  at  each  distance.  Whore  appropriate,  opi>oslto  sides  of  the  hole  wore 
treated  separately  first  and  then  rerun  together.  Also  the  two  specimens  which  hatt 
identical  coldwork  levels  wore  first  treated  separately  and  then  combined.  The 
flexibility  of  this  program  allowed  it  to  be  used  in  several  different  ways  to  fit 
these  various  situations  witliout  modification, 

The  specific  functions  of  the  program  arot 

1.  Read  data. 

2.  Scale  data  to  correct  for  reading  in  inches  from  the  graphs  rather  than 
in  .strain  utiifu  and  specimen  dimensional  units. 

i.  Compute  .average  strain  and  standard  deviation  of  the  population 
of  strain  readings. 

4.  Praw,  divide,  and  label  pilottlng  axes. 

5.  Plot  the  average  strain  and  its  standard  deviation. 

i>.  Piaw  a smorith  curve  through  the  f^lotted  points.  This  curve-drawing 
•ilgoritlim  uses  a simple  cubic  spillnc  function  without  smoothing.  The  curve  piasses 
tlm>ugh  every  data  point  with  i.'ontlnuity  of  the  function  and  its  first  two 
derivatives. 

7.  Print  input  data,  scaled  values,  and  computed  statistical  values. 

H.  Repeat,  except  for  drawing  axes  and  writing  labels,  for  each  sot  of 
data  entered.  That  is,  the  statistical  graphs  for  opposite  sides  of  the  Ixile 
can  bo  drawn  on  one  set  of  axes. 
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l’o«  iifiietat  iuM  iMminciiti?  •ivunmary  tiraphs  i-.howiiui  t lu-  sti.iin  di::t  > iluit  luiisi  for 
s.'ViiMl  Oi>UJwo!:k  lovols,  t ho  plollliui  ot  id  al.  I t:t  iva  I valin-i:  and  I ho  writiiu)  ot  oomi 
.'t  tho  «’X|>lanati>ry  inttinnat  ion  on  rho  uraph  aiti  -::upprt*tiiic>d  by  makiini  f.mall  cliangeu 
in  till'  I'l'ijram.  'I'hi;  fhamn'ii  aj'o  printod  tii;  I'ommonti:  in  t hi*  jirogram  liiitiiuj  in 
Appi'iidix  1>. 


■«.  DA'l'A  KKinUTlON  AND  I'lAVn*!  NC-TANdKNTlAI.  STRAIN 

Th«*  socond  roiitino,  doiu'rlbod  in  Sect  ion  siorvcd  to  reduce  t he  data  and 

plot  t he  tangent  ial  I'.tiMin  d liita'ibut- ion  for  a t|ivcn  hole.  llert*,  the  diipitized  data 
tot  each  ot  tin*  several  I'hosen  y-axes  on  .iny  one  friinie  photo  are  entered  as  the 
several  data  sets  tor  cmist i net  ion  ot  the  summary  plot.  Tlu^  result  is  a plot  of 
.•••train  for  eai'h  of  t luise  <ixes  on  one  cotirdin.nte  system.  A sample  of  such  a plot 
i;.  shown  in  Pigute  /.U'  tor  study. 

hec.iu.'.e  ot  t itm*  limitations,  this  program  was  not  modi  t ied  to  correct  axis  labels 

• iiiii  i.tlst.‘ince  si'.iles,  which  wi«re  left  as  t lu'y  wert*  tiir  t lu*  r.idial  strain  analysis.  An 

• ir  t i t iii.il  value  ot  the  input  parameter  for  the  distance  from  fiducial  mark  to  hole 
I'.l.n  w.is  entered  to  shift  the  s.  0 axis  t.o  the  I’eultir  of  the  plot,  with  existing  scales. 

The  "set  name"  data  which  was  used  to  identity  each  curvt!  in  the  radial  strain  sunuiuiry 
w.is  used  to  specify  the  location  of  the  y-axis  for  each  of  the  tangential  strain  plots. 
This  proctalure  Wiis  not  at  all  tidy,  and  it  should  lx*  cleaned  up  it  the  program  is 
ii;:ed  in  the  tiiture  for  tangential  strain  analysis.  Tin*  axis  and  scaling  lables  in 
fi'iiin*  /.li'  have  been  fixed  up  to  represent  tin*  true  physical  values. 

The  ijraph  which  is  generated  by  the  j'rogram  is  not  In  very  useable  form,  as 
till'  desired  result  is  .1  I'lot  of  the  tangential  slrain  versus  distance  from  the  hole 
along  a tailial  axis.  This  final  plot  was  I'onstructed  lot  each  coldwoik  level  for 
which  tangential  strain  was  studied  by  delermluiug  the  points  ot  intersection  of  the 
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taiuii'Mtial  t:traii\  curvtjs  with  tho  vortical  axi;;,  which  ropioijont.::  tlu'  radial  x-axiu 


thiuvu)li  the  hvjio  ct'iitor.  TIhjso  Vviliu?::  WiM'i>  roplpttod  as  a 
from  tho  hole;  tho  result  is,  for  each  hole,  a plot  at 
A typical  example  of  such  a plot  a[>poars  in  l‘ii|uro  7-11. 
aud  the  remainder  like  it,  are  ijresented  witli  tho  n'sults 


function  of  x-distance 


versus  x for  y - 0. 


A duplicate  of  this  graph, 
ii»  tho  next  section. 
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7.11  Typical  distribution  of  tamiential  strain  as  a 
function  of  radial  distance  from  hole. 
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SECTION  VIII 


STRAIN  MEASUREMENT  RESULTS 


1.  INTRODUCTORY  COMMENTS 

The  purpose  of  this  section  is  merely  to  present  as  a coherent  unit  all  of  the 
results  of  the  moire  moasurenient  of  strain  near  holes  having  various  degrees  of  cold- 
work.  Comparison  of  the  results  with  those  of  other  investigators,  assessment  of 
scatter  and  uncertainty,  and  discussion  of  several  specific  aspects  of  the  data 
appear  in  Section  IX. 

Samples  of  the  detailed  data  analysis  plots  showing  fringe  orders,  displacement 
distribution,  and  strain  distribution  which  were  generated  have  been  presented  with 
the  description  of  the  corresponding  computer  routine  in  Section  7.4.2.  There  wore 
a good  many  of  those  graplis,  since  there  were  three  plots  for  Jiearly  every  sol  of 
moire  fringe  data.  Tlie  graphs  served  their  purpose  in  facilitating  diagnosis  of 
procedural  and  computational  errors.  All  visefiil  results,  with  the  exception  of  the 
displacement  plots  wliicli  might  prove  valuable  in  the  long  run,  are  contained  in  the 
various  strain  s\uimnry  plots  which  wore  generated  as  described  in  Sections  7.4.3  and 
7.4.4.  It  seems  unwise  to  include  any  more  of  the  detailed  plots  in  this  report. 

They  can  be  obtained  through  AFML/LLN  or  Dr.  G.  Cloud. 

2.  Rl'lSULTS- RADIAL  STRAIN 

The  plots  of  radial  strain  are  grouped  according  to  level  of  coldworkinq. 

The  graphs  showing  all  individual  results  from  oacli  data  set  for  each  hole  arc  in 
the  first  group.  The  statistical  summary  plots  for  each  hole  are  in  the  second  group. 
A composite  graph  of  strain  for  all  tlje  coldwt^rking  levels  and  the  average  uncertainty 
is  given  as  the  final  radial  strain  result. 
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Plots  of  radial  strain  versus  distance  from  the  hole  boundary  for  each  of  the 
ooldwork  levels  appear  in  Figures  8.1  through  8.8.  Each  of  these  graphs  shows  the 
strain  distributions  obtained  from  the  several  individual  sets  of  data  for  that  hole. 

The  statistical  summaries  of  all  the  sets  of  data  for  each  Iwlo  are  given  in 
Figure  8.9  through  8.20.  If  detailed  examination  of  the  data  suggested  a significant 
difference  between  opposite  sides  of  a hole,  then  the  sides  are  treated  separately  in 
the  first  plot  for  that  hole,  and  they  are  lumped  together  in  the  second  plot  for 
the  hole.  An  exception  is  specimen  CIO.  The  4 extremes  (North,  South,  East  and 
West)  of  the  hole  were  investigated,  and  the  data  shows  an  interesting  and  consistent 
pattern.  There  were  only  2 sets  of  data  for  each  side,  however  (excepting  the  East 
side  which  had  one) , which  was  not  enough  for  statistical  analysis  of  each  side 
separately,  only  the  overall  summary  plot  was  prepared  for  CIO.  Another  exception 
is  created  by  the  fact  that  specimens  C3  and  C7  had  the  same  coldwor)ting  levels, 
and  the  opposite  sides  of  C3  were  found  to  differ.  Two  summary  plots  (Figures  8.14 
v»nd  8.15  were  prepax'ed  to  show  C3  East,  C3  West,  and  C7  separately.  Another  graph 
(Figure  8.16)  shows  the  average  of  all  data  for  C3  plus  the  curve  for  Cl.  A third 
is  the  statistical  summary  for  all  C3  and  C7  data  combined  (Figure  8.17). 

Figure  8.21  is  a composite  suminar>  of  all  the  radial  strain  data.  Also  included 
is  an  average  erroi.  analysis  curve  which  is  explained  in  Section  9.4.  The  data  from 
C7  and  C3  are  combined  in  constructing  this  greiph,  as  explained  above.  The  peculiar 
tail  on  the  curve  for  hole  Cl  in  the  neighborhood  of  r=.2  inches  is  believed  to  be  an 
artifact  of  the  data  analysis  procedure  resulting  from  the  way  in  which  the  voluminous 
fringe  data  for  this  hole  was  truncated  at  a fiducial  mar)(.  This  tail  tends  to  con- 
fuse the  picture,  so  the  troublesome  portion  was  deleted  on  the  composite  summary. 

As  mentioned  in  Section  7.4.4,  the  statistical  symbols  and  data  points  have  Iven 
eliminated  from  the  composite  plots  for  clarity. 
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Figure  8.14  Average  and  standard  deviation  of  radial 

near  ooldworked  hole  for  6.()  mils  radial  inter- 
foronce  - opposite  sidcsi  for  hole  C3  Bep.irate. 
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Figure  8.21  Composite  summary  of  average  strains  measured  for 
all  coldworking  levels  plus  error  summary. 
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Examination  of  the  general  composite  summary  also  suggests  that  the  strain 
measured  for  hole  C5  is  a bit  large  for  radial  distance  greater  than  about  .15 
inches,  and  that  for  hole  C6  is  a little  bit  low.  The  radial  interference  levels 
for  these  two  holes  differed  by  only  0.3  mils,  which  is  smaller  than  the  uncertainty. 

It  seemed  reasonable  to  average  these  two  batches  of  data  to  obtain  a statistical 
5 ummary  curve  for  about  4 mils  of  radial  interference.  Such  a curve  was  plotted 
with  the  other  summarv  curves  on  a second  composite  graph  which  is  shown  in  Figure  8.22. 
This  graph  on  the  previou.s  one  can  be  taken  as  the  final  result  of  the  radial 
strain  investigation. 


3.  RESULTS  - TANGENTIAL  STRAIN 

Figure  8.23  and  8.24  display  the  y-component  of  normal  strain  along  several 
y-axes  at  various  radial  distances  from  the  hole  for  specimens  C9  and  CIO.  The 
r ecord  of  tangential  strain  along  the  radial  centerline  at  y “ 0 as  a function  of  x) 
was  extracted  from  these  graphs  according  to  the  methods  outlined  in  Section  7.5  and 
plotted.  The  resulting  graphs  appear  in  Figures  8.25  and  8.2G. 

It  is  important  to  note  that  the  tangential  strain  was  derived  for  only  one  side 
of  each  of  the  two  holes.  The  results  are  subject  to  the  lack  of  symmetry  in  strain 
fields  that  i.s  evident  in  the  radial  strain  results.  Specimens  c9  and  CIO  Isoth 
showed  some  lack  of  symmetry,  and  the  tangential  strain  plots  must  be  considered 


to  bti  less  dependable  than  the  radial  strains  reported. 
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NIV^lS  dOOH 

Figure  8.24  Measured  hoop  strain  distributions  along  several  axes  at 

different  radial  distances  for  7.2  mils  radial  interference 
(hole  CIO) . 
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rndiiil  intorforence  (hole  CIO)  . 
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SUCTION  IX 


DISaiSSlON  OP  RKSULTS 


1.  PlJKl'OSK  AND  PIAN 

The  purtx>se  ot  this  section  is  to  point  out  sevet'al  aspects  of  the  results 
which  might  esenp*^  notice  under  loss  than  detailed  study,  but  which  might  be  iraportont 
to  the  designer  or  manufacturer-  As  a part  of  the  discussion,  the  measurements 
are  compared  with  those  obtained  in  previous  investigations,  and  t^oints  of  agreement 
a nd  discrepancy  are  noted  and  discussed.  Soucrcs  of  error  in  the  mGasurement s are 
considered,  and  tlieir  imi>crtance  established  when  possible. 


2.  COMl>ARISON  WITH  RESULTS  OF  PREVIOUS  INVESTIGATIONS 

Figure  9.1  is  a dviplicate  of  the  composite  plot  of  residual  radial  surface 

strain  near  coldworked  holes  to  which  has  been  added  the  data  obtained  i>v  fiharpe  (1-10) 

.ind  Adlor  .and  Pvipreo  (1-14).  Sharpe's  curve  is  an  average  from  several  diiferent 

sides  of  the  hole,  .and  tlH>  Adler-Uupree  result  is  an  average  from  i opposite  sides. 

Doth  groups  used  a coldworkiiig  level  of  nomiiual  6 mils  residu.il  inter ference . 

Clearly,  the  Adler-lXiproo  data  agree  quite  well  with  those  of  thi^5  tuudy. 

This  coi  relation  was  not  expected,  since  Adlor  .iiid  Dupree  themselves  questioned  the 

validity  of  their  measurements,  which  did  not  agree  with  their  finite-element  mvKlel . 

They  believed  that  the  radial  strain  had  boon  reduced  by  the  snuill  amount  of  eli.tmfei 
which  had  been  given  to  the  corner  where  the  hole  intersects  the  surface.  This 

conclusion  was  cited  by  ShiirpH?  as  the  apparent  reason  fox’  the  discroV’.incy  between 

his  rosvilts  .xnd  tixoso  of  Adler  .ind  IHipree.  The  fact  that  the  Adlor-Dupiee  results 

agree  with  tl>c  measurements  obt.iinud  in  this  invest.ig.ition,  whereitt  4 six'cimens  were 

coldworked  to  almvit  the  s.<une  nominal  6 mils  of  radial  interferenee  used  by  Adlet  aitd 

Dupree,  .sitgoests,  Ixtwever,  that  the  problem  may  lie  with  their  fliiiU'  element  .ttuilysis 

insto.id  of  in  their  imMsurements  Th«>  disagreement  is  in  a direetion  winch  wotild 

lOi.ult  finm  ihamt  erinp.  tin-,  lurles,  but  supix>rts  tlu?  notion  tb.it  the  Ail  lei -Dupree  results 
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are  basically  correct  and  were  perturbed  only  a small  amount  (10%  or  so)  by  the 
chamfer. 

A singular  difficulty  was  experienced  in  trying  to  interpret  the  Adler-Dupree 
data.  Their  report  (1-14)  does  not  clearly  state  the  coldworking  level  used.  They 
mention  6 mils  radial  expansion,  but  it  is  not  clear  whether  this  amount  is  the 
radial  interference  or  the  residual  radial  deformation.  If  they  meant  to  report 
r esidual  expansion,  then  the  descrepancy  would  be  larger. 

The  obvious  next  question  is  "why  do  Sharpe's  measurements,  which  evolved 
from  a careful  and  well-documented  experimental  progr.un,  show  much  larger  strains 
than  those  reported  here?"  A clue  is  provided  by  the  difference  between  the  radial 
expansion  (radial  interference)  and  the  residual  expansion  (permanent  deformation 
or  residual  displacement  of  the  hole  boundary)  figures  which  are  specified  by  Sharpe. 
His  figures  suggest  an  average  spring  back  (radial  interference  minus  residual 
expansion)  which  amounts  to  about  0.6  mils.  Table  1-1  of  this  report  shows  an  average 
springback  for  the  specimens  coldworked  to  about  6 mils  radial  expansion  as  about  2 
mils.  That  is,  the  permanent  radial  deformation  in  Sharpe's  study  was  about  1.4 
m ils  larger  than  the  residual  deformation  found  here  for  the  same  radial  inter- 
ference. If  the  comparison  was  made  on  the  basis  of  "coldwork  degree",  that  is, 
the  residual  expansion  after  coldworking,  then  Sharpe's  curves  should  agree  with 
those  given  here  for  about  7.4  mils  radial  interference.  The  closest  values  used  in 
this  study  were  7.2  and  7.8  mils  radial  intereference . Figures. 1 demonstrates  that 
Sharpe's  measurements  do  indeed  agree  quite  well  with  the  strain  distributions 
measured  in  this  study  for  those  levels  of  coldwork.  The  only  significant  difference 
is  in  the  strain  gradient  near  the  hole,  although  each  result  is  within  the  scatter 
bands  of  the  other.  The  reason  for  this  minor  disagreement  probably  is  the  same 
as  the  reason  why  the  residual  deformations  are  different  when  the  radial  interference 
levels  were  about  the  same. 
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Identification  of  the  reason  for  the  difference  of  residual  radial  expansion 

betweexv  the  two  studies  seems  important  because  it  might  be  an  important  source  of 

scatter  in  industrial  performance  of  the  process.  In  fact,  the  difference  seems  to 

arise  because  of  a necessary  peculiarity  on  the  specimen  preparation  procedure  devised 

by  Sharpe.  He  found  it  necessary  to  withdraw  the  sleeve  after  the  hole  was  mandrel- 

ized  and  before  the  strain  measurements  were  taken.  This  withdrawal  was  acccmplished 

by  reversing  the  specimen  in  the  mandrelizing  fixture,  supporting  it  by  a waslier, 

and  using  the  mandrel  a second  time  to  engage  the  sleeve  and  pull  it  free.  It  would 
appear  that  this  treatment  might  add  a small  increment  to  the  total  coldworking 

level.  This  supposition  is  supported  by  a quotation  from  Reference  1-10;  "The 

process  of  pulling  the  sleeve  out,  even  though  it  took  only  about  one-fourth  the 

force  required  to  pull  the  mandrel  through,  contributes  significantly  to  the 

deformation  in  the  specimen."  An  additional  factor  might  be  that  the  hydraulic 

mandrelizing  apparatus  used  by  Sharpe  gave  more  of  a dynamic  deformation  process 

than  did  the  mechanical-drive  Instron  used  in  this  study.  At  any  rate,  it  seems  that 

comparison  is  valid  only  if  it  is  done  on  the  basis  of  equal  residual  radial  expansion. 

Such  a comparison  shows  very  good  agreement  between  the  two  investigations.  It  is 

vorth  noting  that  the  two  studies  utilized  two  entirely  different  measurement 

techniques,  and  one  seems  to  support  the  other. 

As  a result  of  the  discrepancy  noted  above,  one  is  faced  with  a dilema  when  he 
tries  to  correlate  measured  strain  fields  and  the  industrial  process  with  theoretical 
solutions  for  coldworked  holes.  One  cannot  withdraw  the  sleeve  without  upsetting 
the  very  field  he  is  to  measure,  and  existing  theories  do  not  account  for  the  presence 
of  the  sleeve  ( Jkjisenbcrg' s rrinciple  lives).  Reference  1-10  treats  in  detail  tlic  various 
applicable  theories,  and  they  are  not  considered  herein. 
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i.  SOMK  INTERESTING  ASPECTS  OE  THE  DATA 

There  are  several  aspects  of  the  detailed  r*'sults  and  the  summary  plots  which 
are  illuminatin<j  and,  possibly,  of  some  im(>ortance.  These  details  are  discussed 
below  in  no  particular  priority  of  order. 

As  was  pointed  out  in  Section  VIII,  the  measured  strain  values  from  spacimens 
Cl  and  C7  were  averaqed  to  produce  the  strain  distribution  shown  in  the  composite 
sunm.»ry  plot  for  b.b  mils  (.17  mm)  radial  Interference.  That  these  two  specimens  had 
the  same  coldworkinq  level  was  a fortuitous  accident  which  created  a severe  tost  of  the 
wliole  experimental  procedurv.  A radial  interference  other  than  6.6  mils  had  been 
calculated  for  specimen  Cl.  The  results  for  the  false  strain  level  were  not  consistent 
with  the  otliers  obtained.  Einally,  a check  of  the  carefully-maintained  e.xporiment 
loq  book  brought  the  error  to  light,  and  there  was  an  accidental  duplication  of 
coldworkinq  level  which,  because  it  was  not  discovered  until  most  of  the  data  had 
beeii  analysed,  served  as  a useful  check.  Figure  8.14  througli  8.16  demonstrate  tliat 
the  a.ireoment  is  very  good.  In  fact,  the  difference  between  the  aver-age  strain 
levels  in  C7  and  Cl  is  of  about  the  same  nuignitude  as  the  oifferenco  between  opposite 
sides  of  the  liole  in  Specimen  C3  (see  Figures  8. 14  aj>d  8.16).  This  generally  good 
avU'cement  in  an  unscheduled  checking  procedure  suggests  that  the  results  of  this 
study  are  dependable. 

It  was  mentioned  also  in  Section  VIII  that  comparison  of  the  summary  plots 
(see  Figures  8.9 ,8. 10  and  8.21)  leads  one  to  suspect  that  the  strain  measured  for 
stx>cimen  C5  (radial  intereforence  4.1  mils)  are  generally  too  largo,  esixjcially 
tor  distances  Larger  than  about  0.15  inches  (3.8  mm).  The  detailed  analysi  s plot  in 
Figure  8.2  lends  support  to  this  idea  since  the  sample  comprises  only  3 sets  of  data, 
and  there  is  considerable  disagreement  and  inconsistency  between  the  sets.  Tlie 
strain  values  for  specimen  C6  seem  more  dependable  although  they  might  be  a trifle 
small.  There  are  6 sots  of  data  in  the  detailed  graph  for  C6  (Figures. 1),  and  these 
data  show  good  agreement  except  for  one  sot.  Even  this  one  discrepancy  seems  to 
l>ave  evolved  from  fritige  counting  difficulties  near  a fiducial  mark. 
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A lo<3ic*iJ  conciusion  is  tilidt  the  C5  cicitd  should  be  disc^irdeci  or  uveraged  with 
the  results  from  C6.  The  coldwork  levels  for  C5  and  C6  differ  by  only  0.3  mils,  which 
is  loss  than  the  uncertainty  in  determining  the  coldwork.  Such  an  averaging  procedure 
was  used  in  creating  the  final  composite  plot  of  Figure  8.22. 

Somewhat  similar  remarks  could  be  made  for  the  whole  assembly  of  specimen 
C9,  C2,  C3,  and  C7;  and  again  for  the  Cl  and  CIO  pair.  On  the  other  hand,  the 
difference  of  0.6  mils  radial  intereference  in  the  first  group  is  outside  the  probable 
measurement  uncertainty,  and  the  difference  of  0.4  mils  for  the  second  group  is  barely 
loss.  Also,  most  of  the  observed  differences  in  the  curve  for  nearly  equal  coldwork 
levels  are  consistent  with  e.xpected  trends.  The  suggested  averaging  of  data  was, 
therefore,  not  undertaken. 

Lack  of  symmetry  of  the  coldworking  process  is  apparent  in  many  of  the  results, 
and  it  should  be  considered  by  the  designer  as  a source  of  uncertainty  in  fatigue 
life  predictions.  The  most  significant  example  of  unequal  straining  at  opposite  sides 
of  the  hole  was  offered  by  specimen  Cl,  as  is  evident  in  Figures  8.8  and  8.19. 

Strain  magnitudes  in  the  critical  few  mils  near  the  hole  differ  by  a factor  of  2. 
Additional  significant  discrepancies  between  opposite  sides  are  shown  in  Figures  8.S 
and  8.14  for  C-3,  in  Figures  8.3  and  8.11  forC9,  and  in  Figure  8.7  for  CIO. 

Additional  comment  about  the  behavior  of  CIO  appears  below. 

The  large  level  of  coldworking  in  specimen  Cl  gave  rise  to  a very  large  number 
of  moire  fringes  with  the  pitch  mismatch  and  sensitivity  multiplication  employed. 

Fringe  counting  was  begun  at  about  .22  inches  from  the  hole  rather  than  at  the  usual 
.35-. 40  inches.  There  appears  to  be  a related  data  fault  or  processing  difficulty 
between  .20  and  .225  inches  from  the  hole  for  Cl  (see  Figure8.8).  This  segment  of  the 
Cl  strain  distribution  curves  was  merely  suppressed  in  generating  the  composite  summary 
plots,  although  it  does  appear  in  the  more  detailed  ones. 
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The  detailed  analysis  (Figure  8-5)  and  the  statistical  sunmary  plots 
(Figures  8.14  and  8.15)  for  specimen  C3  show  a fairly  large  scatter  of  strain  values, 
even  when  allowance  is  made  for  the  consistent  differences  between  opposite  sides  ot 
the  hole.  This  extra  scatter  is  traceable  to  the  fact  tliat  C3  was  the  first  specimen 
to  be  analyzed.  Experimental  procedures,  especially  in  the  optical  moire  fringe 
processing  and  in  the  fringe  pattern  digitizing  stages  were  not  yet  well  developed. 

In  particular,  the  critical  importance  of  careful  digitzing  was  not  then  fully 
appreciated.  Also,  the  moire  fringe  photographs  suggested  that  unusually  extensive 
rumpling  of  the  plastic  region  occurred  with  hole  C3,  ^md  this  factor  may  have  contri- 
buted to  the  scatter. 

Another  interesting  aspect  of  the  results  from  specimen  C3,  and  a partial  explana- 
tion for  the  scatter  of  data,  lies  in  the  fact  that  this  specimen  was  used  as  a test 
of  the  effects  of  using  different  sensitivity  multiplication  factors  in  the  moire 
fringe  formation  process  in  addition  to  the  usual  various  degrees  of  pitch  mismatch. 

The  object  of  this  limited  extra  study  was  to  optimize  the  optical  data  processing 
to  produce  the  best  balance  of  fringe  visibility,  displacement  sensitivity,  and  close- 
ness of  fringe  spacing.  Referring  to  Figure  8.5,  data  sets  marked  743  are  for  no 
sensitivity  multiplication  (multiplication  factor  =»  1)  and  a pitch  mismatch  of  only 
about  18  Ipl.  Those  curves  marked  1481  come  from  a sensitivity  multiplication  of  2 
and  pitch  mismatch  of  41  Ipi.  The  remainder  of  the  data  curves,  in  common  with 
most  of  the  data  from  the  other  specimens,  correspond  to  a sensitivity  multiplication 
of  3 with  pitch  mismatch  values  of  27,  58  and  83  Ipi. 

In  this  one  case  studied,  there  was  surprisingly  little  penalty  paid  for  using 
a sensitivity  multiplier  of  2 rather  than  3.  The  loss  of  sensitivity  is,  evidently, 
offset  by  the  greater  contrast  and  better  definition  which  Is  characteristic  of  the 
fringe  photos  taken  with  the  lower  multiplication.  The  results  for  a sensitivity 
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multiplier  of  unity  are  more  questionable— at  least  on  the  left  side  of  the  hole 
(data  set  C3L743  in  Figure  8.5).  Part  of  the  problem  here  might  be  that  not  enough 
pitch  mismatch  was  used.  A tentative  conclusion  is  that,  even  with  high  quality  data 
processing  schemes,  the  basic  sensitivity  of  1000  lines/inch  of  the  moire  gratings 
used  without  sensitivity  multiplication  is  not  great  enough  to  give  highly  dependable 
measurements  with  the  remge  of  strain  studied  here-  Moire  multiplication  factors  of 
2 or  more  should  be  incorporated  unless  finer  gratings  can  be  used. 

Since  it  was  necessary  to  discard  one  set  of  data  when  constructing  the 
statistical  summary  for  hole  C3,  the  one  showing  the  roost  discrepancy,  that  being  the 
data  just  referred  to  (C3L743)  was  the  set  left  out.  Reading  of  the  C3  results  for 
purposes  of  constructing  the  sumnary  plots  was  done  with  separate  detailed  plots 
for  the  left  and  right  sides  of  the  hole.  These  plots  are  not  reproduced  here.  The 
detailed  plots  of  Figure  8.5  which  shows  all  the  data  sets  for  C3  is  too  congested 
to  be  of  use  in  the  final  data  reduction. 

The  detailed  analysis  plots  (Figure  8.8)  and  the  summary  plots  (Figures  8.19 
and  8.20)  for  hole  Cl  also  appear  at  first  glance  to  contain  excessive  scatter. 

Closer  examination  shows  that  there  is  consistency  of  measurement  for  any  one  side 
of  the  hole.  Even  the  discrepancies  between  individual  curves  for  one  side  of  the  hole 
arc  consistent  with  expectations.  Consider,  for  example,  the  curves  labeled  C1BNL2200 
C1BNL2225,  2uid  C1BNL2256.  These  three  lines  are  the  strain  fields  on  the  left  side 
of  Cl  obtained  with  3 different  degrees  of  pitch  mismatch  in  the  optical  data  processing. 
The  pitch  mismatch  is  numerically  greatest  for  the  line  labeled  2200  and  smallest  for 
the  2256  value.  Now,  pitch  mismatch  essentially  serves  the  ftinction  of  inserting  an 
interpolation  scale  between  fringes — the  greater  the  mismatch,  the  greater  the  inter- 
polation capability,  which  implies  a greater  sensitivity  to  local  strain  gradients. 

The  shapes  of  the  3 curves  just  pointed  out  suggest  that  there  might  be  some  local 
discontinuity,  a grain  boundary  for  example,  at  a radial  distance  from  the  hole  of 
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about  0.05  inches.  The  data  derived  with  the  greater  pitch  mismatch  was  most  .sensitive 


to  thi.s  anomaly;  the  interemdiate  mismatch  results  show  intermediate  sensitivity;  and 
the  smaller  mismatch  appeared  to  miss  tne  local  discontinuity  entirely. 

The  detailed  data  plots  for  hole  CIO  also  appear  at  first  to  be  excessively 
scattered.  Here  4 sides  of  the  hole  were  studied  (labeled  N,S,E,W),  and  close 
examination  of  Figure  8.7  shows  that  the  data  sets  for  any  one  side  of  the  hole  are 
in  very  good  agreement  with  one  another.  It  is  just  that  the  different  sides  give 
different  results,  as  was  observed  for  many  of  the  specimens.  The  only  troublesome 
data  set  for  CIO  is  the  one  (not  two)  set  for  the  east  side  of  the  hole  (called 
CIOAE) . This  set  should  be  viewed  with  some  skepticism,  since  all  the  CIOAE  fringe 
photograplis  were  difficult  to  read.  The  source  of  this  difficulty  was  in  the  reflection 
problems  experienced  in  the  specimen  grating  photography.  Section  5.3  mentions 
these  prolilems  and  their  causes  in  some  detail.  The  one  set  of  CIO  data  docs  not 
have  discernable  effect  on  the  statistical  results  for  hole  CIO,  so  it  was  not 
deleted . 


4.  ASSliSSMENT  OF  ERROR  AND  SCATTER 

In  order  that  the  user  of  the  data  reported  can  have  some  idea  of  the 
uncertainties  which  affect  his  design,  it  is  de.slr.-ible  to  identify  tlie  sourcc.s  of 
error  (consistent  wrong  results)  and  scatter  (random  error);  to  try  to  classify 
tlie  sources  as  to  wliether  they  produce  error  or  scatter;  and  to  give  an  e.sllmate  or 
measurement  if  possible,  of  the  magnitude  of  the  possible  error.  An  e.stimate 
of  the  total  .scatter  can  be  derived  from  the  statistical  sunmiaries  already  presented, 
within  the  limits  of  the  experiment.  Tlie  source.s  of  this  scatter  have  not  really 
been  identified  as  yet. 


ArML-TK-78-153 


It  is  characteristic  of  tlie  moire  technique  that  the  specimen  grating  exactly 
follows  the  surface  strain,  barring  faulty  adhesion  of  the  photoresist.  The  grating 
pliotograpljs,  then,  can  be  accepted  as  an  exact  replica  of  tl\c  specimen  surface 
displacements  with  possible  geometrical  errors  (scaling  and  distortion)  Interjected 
by  tl>e  photographic  optics.  These  possible  errors  have  been  largely  eliminated  by 
the  comparison  and  subtraction  process  used  in  obtaining  moire  fringe  patterns 
from  the  grating  photo  plates  as  well  as  In  the  use  of  fiducial  marks  to  establish 
and  check  the  scaling  during  digitizing  of  the  fringe  patterns.  That  is,  in  the  first 
Instance,  the  specimen  was  always  photographed  in  its  Initial  and  final  states  In 
identical  pluitographlc  circumstances.  The  grating  photo  plates  were  optically 
analyzed  wltlv  the  same  subnuisters  In  the  same  optical  processor  using  Identical 
procedures.  The  moire  fringes  for  zero  strain  were  then  subtracted  from  tlie  fringes 
in  the  final  state.  Barring  careless  technique  and  mistakes,  such  as  putting  a 
pl\otoplate  into  tlie  optical  processor  backwards,  or  bumping  the  camera  between 
photograpiis,  all  errors  wlilcit  mlglit  be  caused  by  improper  focus,  faulty  alignment 
of  the  camera,  erroneous  measurement  of  grating  frequency,  and  so  on  will  be  common 
to  b.isellne  and  "at  strain"  fringe  patterns  and  will  disappear  from  the  difference 
and,  therefore,  from  the  final  result. 

it  is,  then,  only  in  the  reading  and  analysis  of  the  fringe  data  where  uncom- 
pensated errors  or  scatter  effects  can  arise.  The  displacements  and  strains  computed 
depend  entirely  upon  proper  count  l«tg  of  the  moire  fringes  and  upon  locating  the 
cursor  of  the  digitizer  exactly  on  fringe  center.  Likewise,  uncompensated  scaling 
errors  can  enter  If  tlie  locations  of  the  fiducial  marks  are  not  known  accurately 
on  tile  specimen  or  are  not  read  correctly  during  digitizing.  There  Is  no  way  In  wliicii 
this  digitizing  process,  wlilcli  depends  upon  manual  alignment  of  a crossliair  graticule 
witli  a fringe  band  or  the  image  of  a fiducial  mark  on  a photograph,  can  be  done  wltli 
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complete  accuracy.  Certainly  tlie  digitizing  procedure  used  in  tills  study  is  subject 
to  error  and  inconsistency.  One  can  only  try  to  insure  that  the  errors  will  he 
random  so  tliat  they  can  be  eliminated  as  a source  of  false  results  by  the  final 
statistical  treatment,  and  then  he  can  test  the  results  and  intermediate  procedures 
to  see  If  this  ideal  is  approaclied. 

Faulty  fringe  counting  yields.  In  general,  an  error  which  is  not  compensated 
or  detectable.  As  a result  of  the  dccalied  plotting  procedures  used  in  this  study, 
all  such  errors  should  have  been  identified  and  eliminated.  As  shown  below,  it  is 
possible  that  such  an  error  might  have  been  missed  in  certain  situations,  and  it 
would  remain  undetected  except  as  a pos.sible  lack  of  consistency  when  replications  were 
conducted  on  the  same  specimen.  That  is,  if  a fringe  counting  error  remains  in  the 
data,  it  might  not  be  distinguishable  from  normal  scatter. 

Consistent  (as  opposed  to  random)  faults  in  the  digitizing  procedure  are  another 
source  of  error  which  is  not  directly  assessable.  In  general,  the  human  eye-band 
combination  is  extremely  skillful  in  locating  the  center  of  a fuzzy  line  provided 
the  line  is  well-behaved.  If  the  line  (interference  fringe)  curves  sharply  or  is 
not  symmetrical  in  its  intensity  distribution,  the  eye  is  misled  because  it  locate.s 
the  center  of  gravity  of  a segment  of  the  line.  Random  mistake.s  of  tliis  sort  merely 
t.ontribute  to  data  scatter.  A consistent  fault  In  locating  fringe  or  fiducial  ni;irk 
center  results  in  error  whose  presence  is  not  self-evident.  A measure  of  the  serii'us- 
ne.s,s  of  such  error  can,  however,  be  derived  by  digitizing  a carefully  prepai'ed  kuowni 
fringe  pattern  or  comparing  measured  strain  witli  calculated  values  for  a specimen  in 
which  the  strain  is  known. 

An  interesting  and  useful  aspect  of  this  study  was  the  estimation  i>f  any  con.sis- 
tent  digitizing  error  through  replication  of  the  digitizing  process  with  several  fringe 
plioto.s.  Such  a procedure  does  not  meet  the  strict  requirement  outlined  above  fv'r 
(Icterniitilng  an  overall  consistent  error.  It  can,  however,  yield  an  e.stimate  of 
the  average  error  which  will  appear  la  any  one  -set  ol  strain  data  as  a result  of 
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ai^’.ltlzing  faults  which  are  not  of  the  type  resulting  from  pathological  fringe 
patterns.  The  procedure  was  to  digitize  the  same  photographs  twice  foi  several  test 
cases.  T!ie  two  sots  of  data  from  one  photograph  were  then  entered  Into 
the  data  reduction  program  as  the  "zero  strain"  and  "mandrelized"  portions  of  the 
complete  dat.i  input  required  for  the  computer  routine.  The  program  subtracts  one  set 
from  the  other  and  computes  "displacement"  and  "strain"  distributions  as  usual. 

The  "strain"  calculated  represents  a false  strain  which  might  result  from  faulty 

« 

digitizing  as  well  ns  error  propagation  In  the  reduction  program.  Zero  digitizing 
discrepancy  should  give  a null  result.  Figure  ‘1.2  is  the  detailed  summary  plot  for 
3 such  trials  The  extra  fourth  plot  In  this  figure  is  that  error  which  would  result 
if  tlie  set  of  baseline  (zero  strain)  data  from  one  side  of  a specimen  was  used  in 
place  of  the  baseline  for  the  other  side.  This  substitution  might  create  a digitizing 
error  which  is  accepted  to  reduce  digitizing  time  by  requiring  one  baseline  digitiz- 
ation for  all  the  data  sets  from  one  hole.  All  four  of  these  curves  (Figure  9.2) 
were  treated  statistically  in  the  same  way  as  has  been  described  for  the  strain 
data,  and  the  resulting  statistical  error  analysis  plot  is  shown  as  Figure  9.3  as  well 
as  being  included  in  the  composite  summary  in  Figure  8.21. 

A further  important  source  of  uncertainty  Includes  consistent  and  ratidom  errors 
in  determining  the  radial  interference,  which  is  related  to  the  degree  of  coldwork. 
This  determination  is  poorly  conditioned  in  that  it  cun  be  derived  only  by  subtraction 
of  the  hole  radius  from  the  sura  of  the  mandrel  radius  plus  the  sleeve  thickness,  it- 
self determined  as  one-half  the  difference  between  inside  and  outside  diameters, 

Rrror  propagation  in  such  a process  can  be  very  serious,  and  there  is  no  good  way  to 
asses  sucli  errors  escept  by  sectioning  the  cold  worked  specimen  and  measuring  final 
liole  size  and  basing  all  reporting  on  the  residual  deformation  thus  calculated. 

This  procedure  was  utilized  by  Sharpe  (I-IO)  but  not  employed  here  as  it  was  thought 
necessary  to  base  the  experiments  on  the  Interference  parameter  which  can  be  cal- 
culated from  simple  measurements  made  as  part  of  the  industrial  application  of  the 
commercial  coldwork  process.  A positive  aspect  of  the  study  being  reported  upon 
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is  that  the  final  inner  diameter  of  the  sleeve  was  measured  to  give  an  indication 
of  tile  residual  coldwork.  The  detailed  displacement  plots  were  also  extrapolated  to 
the  hole  edge  to  determine  the  displacement  at  that  point  as  given  by  tlie  moire  data. 
These  two  independent  determinations  of  the  residual  displacement  of  the  hole  boundiiry 
agreed  to  within  the  limits  of  the  extrapolation  accuracy,  which  is  not  great  because 
of  the  difficulty  of  accurate  extrapolation  in  a region  of  high  strain  gradient. 

All  factors  considered,  a best  guess  of  the  uncertainty  of  radial  interference 
levels  reported  here  would  be  about  +0.5  mils  (.013  mm). 

Material  variations  are  another  source  of  uncertainty  in  the  results,  as  are 
variations  in  the  mandrellzlng  procedure.  Difficulties  cncoiuitered  with  slippage 
of  the  sleeve  during  mandrel  pulling  were  mentioned  in  Section  4.^4.  No  ill  effects 
of  these  procedural  problems  were  detectable  in  the  results,  so  it  is  assumed  that 
they  are  mlni.mal.  Material  variations  can  be  expected  to  be  negllgable  since  .ill 
spec  linens  came  from  a common  sheet. 

The  fortuitous  and  unplanned  replication  of  strain  measurement  at  one  coldwork 
level  in  specimens  03  and  07  gives  probably  the  be.st  Indication  of  tlie  sum  of  the 
uncertainties  which  might  result  from  material  variations,  oddities  in  the  mandre  I i:-.  ing 
procedure,  errev"'  'if  d'^rermining  radl.il  interference,  and  so  on.  The  history  and 
results  of  this  aspect  of  the  st udy  were  outl ined  in  Section  9.3.  The  d i.screpancy 
appears  to  ho  acceptable,  and  the  indicated  nuignltude  of  it  could  probably  be  used  as 
an  overall  uneertaiiity  figure  by  a designer.  The  general  agreement  of  results  from 
the  4 specimens  near  the  6 mils  radial  interference  level,  the  general  coiisistencv 
of  the  results  for  01  and  010  near  the  7.5  mils  radial  interference  level,  .ind  the 
fair  agreement  of  05  aitd  06  data  at  the  4 mil  level  support  the  conclusion  th.at 
the  total  uncertainties  are  well  within  an  accept.ahlo  limit. 
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One  detail  remains  to  be  examined.  As  suggested  at  various  places  previously 
In  this  report,  there  was  evidence  of  considerable  lack  of  smoothness  In  the  strain 
fields,  especially  In  the  heavily  deformed  areas  near  the  hole.  Evidence  of  this 
beliavlor  was  quite  striking  in  many  of  the  fringe  photographs  made  with  a large 
pitch  mismatch  between  specimen  grating  photograph  and  submaster;  the  larger  pitch 
mismatch  results,  of  course.  In  a closely  packed  system  of  narrow  moire  fringes. 

Near  the  hole,  the  fringes  would  often  appear  quite  crooked,  at  times  taking  on  a 
scalloped  appearance.  At  other  locations,  the  fringes  would  be  close  together 
(implying  large  strains)  short  distance  from  the  hole  and  then  be  further  apart 
(meaning  smaller  strain)  closer  to  the  hole.  This  behavior  is  entirely  opposite 
to  wlunt  would  normally  be  expected,  but  it  might  be  within  the  limits  for  strain 
distributions  in  heavily  deformed  crystalline  materials.  The  oddest  behavior 
occurred  when  a moire  fringe  Intersected  what  appeared  to  be  a slip  line  or  a grain 
boundary.  Mere,  the  fringes  would  appear  to  be  discontinuous,  and  there  would  be 
a step-wise  change  in  fringe  order  of  a half-order  or  more.  This  behavior  was 
extremely  troublesome  when  the  fringes  changed  by  one  whole  order  at  a discontinuity, 
especially  if  it  happened  near  the  axis  along  which  the  fringe  locations  were  being 
read  on  the  digitizer,  as  it  was  very  easy  to  obtain  a faulty  count  of  fringe  order. 
In  many  cases,  it  was  necessary  to  trace  and  count  the  fringes,  with  the  aid  of  a 
marker  and  a magnifying  glass.  Inward  toward  the  hole  along  different  radial  lines 
to  establish  accurately  fringe  order  and  location.  Even  so,  there  were  a few 
fringe  photos  in  which  the  fringe  count  remained  ambiguous  in  certain  areas  of  the 
pattern.  The  experiment  was  designed  to  give  enough  redundancy  of  data  so  that 
these  questionable  results  gould  be  discarded  when  detected.  Even  so,  there  may 
have  been  a few  cases  of  faulty  fringe  interpretation  which  slipped  through  and 
contributed  scatter  in  the  results.  One  should  not  confuse  these  errors  of  fringe 
I nterprotation  with  tlte  scatter  resulting  from  the  normal  ragged  nature  of  the 
strain  field.  The  latter  is  perfectly  acceptable  and  must  be  considered  by  the 
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doslgoei-  as  a source  of  vmcortaiiity . Faiijfy  fringe  intcri>reti»tlon  ylolds  an 
iindcslrat) lo  error  or  scatter  which  cannot  he  eliminated  by  osamlnatlon  of  the 
results.  It  can  only  be  detected  and  screened  out  by  careful  fringe  countln.g  and 
replication  of  the  counting  on  the  tronblosomo  photographs.  Both  inc.a.snrc.s  were 
omv^loyed  here. 

Many  of  tite  general  and  specific  comments  made  above  for  the  radial  strain  data 
apply  ciinally  to  the  tangential  strain  measurements,  and  little  remains  to  be  added. 
It  Is  Important  to  recognize  that  the  tangential  strains  as  plotted  in  Figures  8.25 
and  8.2(1  are  less  dependable  tlian  the  radial  strain  data  bocanse  there  was  no 
replication  and  statistical  processing  of  several  sots  of  data  for  each  level  of 
radial  interference.  Also,  the  tangential  strains  are  a fraction  of  the  radial 
values,  and  connot  be  measured  as  accurately  with  tin?  same  .-ipparatus  and  techniquos. 
The  measurement  sensitivities  available  wore  marginal  for  tangential  strains. 
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SliOCtSTlONS  RKbVTKO  TO  FUTURK  FASTKNKRS  RKSEAROIl  AND  AIM’D  1 CATIONS  OK  MOIRK  MKTIIOl) 


1.  INTROIHICTION 

It  appropr liito  to  InoUkto  hove  iiieutiou  of  somo  linos  of  rosoaroli  wliioh 


wiuilit  rontrlluito  to  tho  understanding  and  usefulness  of  eoldwork  fasteners  as 
well  as  expand  tho  utility  of  the  data  eont imied  in  this  report.  Also,  there  is  a 
po.-.sil'ili*  y that  the  moire  facility  built  for  this  investigation  might  be 
utilir.ed  in  tlie  future  for  additional  resoareh  on  fasteners  and  on  other  projects 
of  intere.st  to  the  Air  Koree.  The  purpose  of  this  .‘^ectioii,  therefore,  is  to 
assemble  in  one  place  several  suggestions  for  improving  the  experimental  apparatus 
and  proeeilure  as  well  as  ideas  for  extending  the  usefulness  of  the  experieiu'e  ;ind 
data  alreadv  obtained. 


.’iUCCKSTKO  Kl'TURF.  RKSEARCll 

A.  ihie  faei  seom.s  to  bo  clear  from  tbi.s  investigation  and  the  related 
research  of  .Sharpe^^  and  AdKr  .and  Dupree  i-.-  .i.i 


I'he  strain  field  create- 


tlireueji  the  specimen  by  the  process  of  dr.awing  ;t  tapered  mandrel  through  .t  s'.leew’d 
lieli'  is  .1  eemplex  t hree-d imension.al  one.  It  is  do\d't  ful  that  olvaMvat  ion  of 
the  surface  mani  fo.st  at  ion  of  this  strain  field  ean  lead  to  eiMttplete  nnderst  and  ine, 
ei  I tu'  v-eldwotking  process  either  in  a ret  inod  lahoratorv  version  or  in  i I -s 
praetic.tl  industrial  form.  It  might  be  true  tb.at  enotic.h  understand  ine, , prod  i ct  ab  i 1 i t v 
and  i-onlrol  of  the  proeo.ss  c;in  be  obtained  tbrougb  surface  strain  measurement  to 
sal  i.sfy  design  reiini  cements.  Dn  t lie  otbet  iiand,  it  might  ee  safer  and  \oi;.er,  and 
in  the  long  tun  more  cost~ef feet i ve.  to  invesi  in  a e irotnl  experimental  stndv  ol  t lu’ 

I liree-d  imens  iona  1 strain  field. 
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K.  Auotlu'f  of  il\i'  ourront  «tato  of  kjiowKulc.o  Is  snolvt  tosl  I'u'ili'b; 

v't  t lu’  St  Vil  lu  t ioltl  I'VOiUk'oJ  I'V  oxi>;iiullU)i  holo  ;iio  not.  I'omploto  .Mul  sat  tsf.u'totv. 
This  is  t vuo  ovon  tor  so  iilos  1 1 :-o«.(  proooss,  ami  analysis  of  t ho  praotioal  pvoooss 
sooms  i)iiito  far  off.  Devolopmont  ami  rofinomont  of  ‘“.otlols  oau  ho  inusttovi  on  two 
fronts.  Ouo  would  be  conttnwod  cxpcrlmontal  study  of  suvfaoo  land  possiblv  1- 
d i >nons i ona  1 1 strain  iioUls  lor  lab^'ratory  models  which  Incorporate  to  a 'naxiunnK 
tl\o  idea  I i ^at  Ions  ot  tractablo  analvtiCiil  models.  Such  sivuiv  would  show  whether 
ti\o  analyses  are  on  the  rly.ht  track,  .\ddittonal  cont  lunod  effort  should  ho  maint.iinod 
in  dovolopinjt  analvt  Ic.al  foohniip.ios  whiclt  .icconnt  more  accnratolv  lor  the  ro.ilitic>: 


v'l  t lu'  commercial  process  on  common  work-hardenlnp,  (granxilar  if  possihlol  materials. 

C.  .\n  obvvons  and  nsofnl  stop  would  be  to  obt.ain  ,»n  omp  i r ica  1 1 v-bas»'d 
■nutlrtical  expression  for  the  str.ain  land  nncert.alntyl  its  it  fund  iint  of  r.tdi.tl 
inlvM'iovence  attd  distance  from  the  hole.  A roasonahlo  hoRinniitp.  eonU!  he  imule 


brtt'l  viitd  cru\ic  prc  l iiinu.trv  .tttv'mi't 


sue.e.i’sts  t hilt  the  curves  could  bo  adonuittelv  fUtod  with  it  second-ordet  I'v'tvnomi.il , 


btti:  i'lher  iuitct  ious  rnip.hf  be  better. 


1.  Art’AK.M’US  ANO  I'KtiCWniKAl.  Rl'.l' lNK''tKNT.S 

I'he  ei|uipmi>til  .anvl  teelmiiptes  emploved  proved  roiisou.ibly  suiiieieui  to  obt.tin 
.tooepi.tble  results.  i\nts  iderab  to  care  and  *amili.tvitv  with  <iuirks  ol  the  .tppitr.ttus 
wi'i  e iik|ivired,  itnd  it  is  ilonbtful  th.it  a t echo ic i.in  or  one.iuei'r  couKi  st  <'p  in  .tnd 
obtain  i;oovi  d.it  .a  without  pritdice.  t’evtaln  impvovoment  s in  the  .ipp;irains  ;',nd 
p rv'ccduri's  would  minimise  Wiisted  elfort  and  enhance  the  probiibilitv  ot  obt.iininc, 
superior  re.snlts  in  limltoii  time.  Sevi'r.il  sueli  sup.jtesl  ions  .in'  listed  Ih'Iv'w; 

I.  .\l  1 the  optie.al  I'nnipment.  inelndine.  the  e.rat  inc,  phot  o\',r.i\'ltv  siM  np 
.tnd  the  opt  iciil  diil.i  proce.ss inp.  svstem  .shovtUl  bo  romonntoii  on  ,i  siabU'  .in.i 
•iconr.itc  oi'tic.il  bonch. 
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i.  \ i\«.'w  i»n<)  lu'itor  iiiiisilor  k'.v;»t  li\}>  KtuMih!  In-  nl't  .1  i ik'.I  . I'opomI  iiir,  on 
imi'i'ovomi'iU  iS  to  tho  ;iluitoBi'aplkto  tiysloin.  it  wonKI  So  wiso  to  to  .1 

iRjistov  };rat  ini’,  of  floor  pitch,  say  JOOO  or  tOOO  linos/lncl\.  I'lio  Micro  i.Ino 
IMvision  of  Sanson  niul  l.omh,  J.imostowu,  Mow  York,  l/i/Ol,  .nivort  i /.os  mot.il 
rouclti  rnliniU!  wtion  would  ho  acccptablo  in  ijiuility  ainl  prioo. 

3.  I'ho  most  iisofnl  si/os  of  snhm.tsl or  o.r.it  inp.s  sh.iuKI  ho  rom.ido  utsinp, 
tho  uov,'  mastor  nr.u  ln,ii  aiKl, 'or  tho  houolits  of  photojtraphv  witli  slotted 
aporturos. 

.'1.  A hotter  Ions  slionld  ho  ohtainod  for  jviat  inp,  phot  opr. iphv . In 
I'.trt  icnlar,  ono  havlnp  larpor  nsofnl  aporturo  and,  thoroforo.  hiphor 
frepnonoy  rospon.so,  tho  poasllility  of  hiphor  mapni  f io.tt  ion,  .nul  loss  t iplit 
t.ill-v'ff  at  fiold  ostroiiK's  would  proatlv  simplity  -ill  tho  phot,  .r.iphi,- 
portions  of  tho  moiro  procedure.  The  other  steps  in  the  osi'or  imonta  I 
proiodnro  would  he  made  easier  hv  reason  01  improved  contrast,  move  nnif.'rm 
)’,r.itin,c,  phoii’.'i,  t.tr.per  im.i.po  si.tes,  .ind  so  on.  In  .i.I.'pt  inj',  sucli  .1  lens,  th.’ 
tine  color  .•ori'oction  of  the  tloor.’.  apochii'mat  wvinld  h.ivo  to  tu'  s.icri  t icod, 

,»n.l  it  miplit  he  necessary  to  u.se  .1  color  filter  to  compensate  for  the  inci-o.isod 
chiom.ttic  I'h.serv.tt  ion.  .A  tl.»t-fl<‘ld  pr»>cess  lens  is  snpposte.l. 

S.  flic  tectu\li|ne  for  .ipp'.yinp  photoresists  shonl.l  ho  furtlun'  rotined. 

I'ho  spinnin,p  tocltnlMuo  slionld  ho  considered,  .tnd  it  mipht  he  p.'ssihlo  to 
ii.-io  .in  ordin.iry  mot  ,t  i iurpical  l.»p  as  the  spin  t.ihle.  It  tho  airhrush 
techniiiue  is  retained,  it  seems  prohahly  that  tnrther  thinninp  of  the  resist 
.sh.'uld  ive  hotter  results. 

n . The  photoresist  should  he  filtered  aeeordin.p  to  the  m.nuitaet  m er’s 
d i leet  ion. 

I.  HK're  pewerlnl  lipht  soiuee  f,»r  exposinp  the  photoresist  should  hi' 
ilevised.  I'll  i s set  up  eoiild  he  ineorporated  into  the  speeiiiien  phot  opr. iphv 
• ipp.iral  us  or  the  opt  ieal  I'oneh. 

. hepeiiilini-,  ,'n  the  aiiKunit  of  dat.i  to  he  oht.iined,  some  .uilomation 
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hi'  i ncoi'por.it  Oil  lulu  ( lu'  triiipo  p.-ittorn  Jinitsin};  iiiul  iliU  ;i  puiiohin}'. 
|)ioi-iuluii'.  riio  I'iirront  hu'I  lu'vl  iiiukos  ll  by  rur  llu>  most  rt'iliinis  p.ifi  ol  i 1k' 
whole  moire  lootmliluo,  aUhotipJ)  it  vliios  Imve  t !»«•  ailv«ni;ij',o  of  sllowiui',  oiireful 
olioekiuji  ol  tho  dip, it  iiieil  lofonimtiou.  A dlp.itislnp  dons  1 tompter  niiplu 
bo  u.-foil,  hiiL  It  is  ltk«ly  that  such  sn  . tstrumonf  wonUi  ho  oottfouittled  bv' 
optieul  noise  In  tlio  form  of  eoltoront  llphf  -speekle.  An  ordinary  dipiliitor 
wltt\  v.ivd  pvuu'li  output  seems  most  suitahle. 

If  .uUllfional  stvuly  of  coldworked  tiolos  is  to  ho  undortakon.  a 
new  set  of  hardettOii  aitd  polislu'd  raaiuirols  whleh  are  mafelted  in  taper  I'lofilo 
must  ho  ohtninod. 

10.  litolunp.  of  t Ito  spec- imeu  prat  iui;  into  tho  spoclmon  nurfaoe  aiul 
suhsoiiuout  removal  of  tlie  pltotorosist  is  reeommended  in  situations  wltere 
meohanloal  or  thertwl  danmpo  to  the  sporimen  surfaco  is  possihlo.  or  whoro 
iuiktn);  of  •:  iie  (liiotiiti's  ist  sooiiis  to  take  pl.iee.  l'h«'topra|>hy  of  rho  spoi-imoss 
pfiiL  ittp  may  or  may  not  bo  reiuierod  more  tliffieult  in  tltis  situation,  dnlv 

\v  ' 

a li);lil  eti'h  i)l>ioh  su-rves  t ii  liHiphen  and  tii.seoU'r  the  surface  hetweeu  the 
plu'torosist  lines  would  ho  nooossary,  an.'  Siioh  a pratinp  inipht  aetnallv 
impreve  pltet  I'pi'iiplti  e v'OiUr  tst  . 

11.  in  advanee  of  anv  further  studies  of  sleeved  fastener."-,  a mieio- 
met  er  wliielt  ran  he  nsovl  to  im'asuie  ,lireet  Iv  t lie  thiekness  v*t  the  -ileevi'  w.ill 


slieulil  he  I'btainod. 
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Appendix  A-1 

Digitizer  Program  with  Notations 
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Enter  knovm  x-coord  (in  specimen  dimensions)  of  the 
fiducial  marks  which  are  used  for  scaling  from  the 
photo. 

Enter  film  or  data  set  number  (10  characters  or  less) 
P=molre  grating  frequency  (eg  1000  llnes/'inch) 

M=molre  sensitivity  multiplication  used  when  making 
fringe  photograph. 

C-An  extra  constant  which  can  be  used  to  suit  circum- 
stances. Enter  1 if  not  used. 

Xfit=  Distance  from  fiducial  mark  used  as  X»0  to  the 
edge  of  the  hole  as  measured  from  the  specimen. 

Initiate  digitizer  function  and  use  cursor  to  enter 
position  on  photographs  of  the  fiducial  marks  used 
for  scaling.  Use  cusor  to  enter  coord  of  any  point 
on  photo  whose  position  is  knovm  as  a check  of  scaling 
by  digitizer. 

Compare  printout  with  known  value  to  check  scaling. 

Enter  first  moire  fringe  number  (usually  1) . 

Enter  with  digitizer  cursor  the  positions  of  the 
moire  fringes  in  order. 
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Appendix  A-2 

Typical  Output  for  Radial  Strain  Measurement 
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Appendix  A-3 

Typical  Output  for  Hoop  Strain  Measurement 
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Appendix  B-1 
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* ^J1*_2I  flS  ftp  t 2)  X?  >-f  (191)  , X L ,_X  H , YL  , Y 4,  X 'll  N , XMAX 

i?F«L  M 
LOr-ICAL  fin 


R 

R 

INPUf  '”JN  ROfs'ST*NT<; 

r*. 

REAR  1,  IRIT 

1 

POR'IAT  (AlO) 

IF  (EOPfSLTlJFtiT) ) ‘;o,5 

R 

5 

RFAN  •,  “,-SC,  Y3  ,I“R 

R 

R 

••• 

IMPijT  HAT''  VALUES 

REA'^  *,  M^T^cDjYd,!) 

N = 

J 

REAR  •,  (X(J,1) , J=1,N) 

R_ 

COMOlirr  iser-iAIMIMG  HATA  Y-VALUFS 

00  IP  I=2,N 

Y<T,1)  = Y(I-1,1)  + l.P 

R 

1" 

CO'^TINME 

R 

C 

ImOuT  hA"SEi.IN^  VALUES 

Tf  A 0 "•  V ' 'iPi’s  ( 2 r,  Y < 1 , 2 ) 
tl  = 

■r  r at  *7  '<  x‘  < j , 2 r,  j= 1 , M j 


R 

— cn''3uYE  RENAiMiNG  t4SE  y-vAlOf^ 

00  20  T=?,u 

Y(I,?)  = Y(I-1,2)  t 1.3 

R 

'»■’  RO  •■’’lU'lE 

5”  P7.fi  ^ 
ENO 


r7/20/7 

ISET 
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CTHJTIMr  p/'Mr.T  7<./7(,  ni-'T  = l 


<».  6^<<46 


“ <?t)7  ?fi(iTiN^'Tin:''??‘~17TPi;)  

roiMON  X (8'. ,?)  ,Y  (fln,  ,NOT‘?(2)  .XPLdOl)  tXt.XH,  VL,v^,X>iin,xmAX 

C' 

►II  = •'PT<^(i) 

M2  = 2)  " ' ' ^ ■ " 

Tp~mT,lTTrr.~(TT?nnff>"ToTo  ■■■ 

XHIM  = X (1,1) 

XL  = X(l ,2) 

fjn  Tn  t.2 


■»n  XMT  sj  = X ( 1 , 2) 

XL"*  “X  (I  , !)*■ - - 

r, 

<♦■1  IP  {XCJ1,1)  ,r,r.  xtN*,?))  p.o'fo  f>fi 

X K 1 X s X { Mi , 1 ) 

XH  = X(M?,?) 

or  Tr  a; 


6(1  XM.'X  s X (M3, 2) 

XH  s X(Ml,r) 

^-1  OFL  = (X1)X-XMT>l)/l-iij..1 

T F ■ (Yl  Tri'  r“.LF.  Yrt,Tn*YL  * Y(1,1) 

TF  (V(l,21  .LF.  xjijD)  XL_s  Y(l,?)_ 

IF  (Y(»l',l)  .GE.  X(M>,?))  YH^r  Y{Nl,'l) 
IF  (Y(M2,2)  ,GF.  V(M1,1))  YH  r Y^2,2) 


r7/20/7 

ISET 
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’JOirtN'" 


74/74  OPT=l 


F'^  J 4.6»446 


*»7/30/'. 


‘■$tj'^''VouTTv'=:’TrjTF^p''7ofrr 

CO'-MOm  /into/  VI»)T(1P1,?> 

cn  <’inM  y fS’>,2i  ,y  (S')  , ?)  .MCT'IC?)  .XTL  (ICl)  .XL.XH.VL,  VMtX^INtXMAX.ISFT 
WOCpO)  , P'-V  ( fl  n > , X M ( 4 1) » ,PM<eQ)  ,GNJdn)  ,OM(  A4)  ,THrTA(80)  , 

► ‘•MIS':  3) 

DATA  ■3r>/8n»i.p  / 


t.-'  T=i,if)j 

VPL  (I)  = y-iw  ♦ opu*  <i-i) 

I COMTTM'I^ 

“■hro'4>^  T = i,2  ' 

■'ALL  ':''UT'n  (‘'"TS(I)  ,KHDT'?,y  (1  ,1)  , WO  ,P.n , x , F*4,  GM,  ON , THET  A , 

♦ w,",?) 

no  2’'  y*l,101 

VI''T(<,I)  = ‘^nuIN?  (XPL(X)  , KNOTS, XN, PM, r;N,l> 

' ror'TIMUE 

CONTTri'lc  ' 


RrT(lK!M 

fun 
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7<*/^4  . PPT=1 


FTM  4.6«-446  07/20/7 


?np^riiirr^c  Hi’Q'.xn,  VTrjW0tRO,XMrFN»eTiirPN."T’^EtAV»<VrFRlf<r,lFlT) 


• a ?r)UTIi'4I  TO  FIT  TMC  S‘^00TME•ST  CUR>/F  THRU  A GIVEN  SEt  OF  DATA 
USTMr,  hijTiC  FPITHE^. 

M = TOTAL  NU^^PFR  OF  OATA  PCliK'TS. 

M = U'J-t3EP  OF  KNOTF  U5;ED  (INPUT  OR  OUTPUT  DFOENOING  ON  IFIT) 
XO  = v-COOR.  DATA  ARRAY  (INPUTS 
vn  r V-COOP . DATA  ARRAY  (INPUn  _ 

■^O  r MSTGHY  FdR  rACVnAtfc  PO'lNT  "(GE'NERALLY  = i.'o;  IT  W(I)  = Oi 
then  the  ITH  POINT  will  of  OMITTED  FROM  THE  FIT)  (INPUT) 
>0  = AN  ARRAY  CONTA  INI  NG  YO  (1) -55  ( XOCl))  ( OUTPUT ) 

XH  = AN  AFPAY  CONTAINING  THE  KNOT  POSITIONS  (IN»UT  OR  OUTPUT 

DEPEND  TNG  ON  IFI'T)'  

Fh  = AN  APPf.Y  CONTAIf'TNG  THF  VALUES  0F_THE  S°LINE  AT  THE  KNOTS 
(OUTPUT') ■ 

r,K'  r AN  AFRAY  containing  the  values  of  the  OERIVATKfE  of  THE 

SOLI  PE  AT  THE  KNOTS  (OUTPUT) 

'>‘1  r AN  APP.AY  containing  THE  VALUES  OF  THE  3RD  DERIVATIVE 
OISCCNTiNUiTtES  OF  The  SPLINE  ACROSS  THE  KNOTS  (ROUGH 
estimate  of  THE  ERPOR  IN  THE  FIT)  (OUTPUT) 

THFTi  r W0RKT‘!G  array  ■ 

W = WORKING  CRRAY  (MUST  RE  OIHENSIONED  ATLEAST  7*H+8*N+6) 

TPRINT  s POINT  OPTION  ' 

1 of^INT  RFSULTS  AFTER  EACH  ITERATION 
: MO  PRINT  PRODUCED 
-1  PRINT  results  for  REST  FTT  ONLY 

IFTT  = FIT  OPTION  ■ '■  ' 

: PROGRAM  will  AUTOMATICALLY  SELECT  KNOT  POSITIONS 

1 CALCULATE  THE  SPLINE  WITH  THE  INPUT  SET  OF  KNOT 

POSITIONS  ••CAUTION  M MUST  BE  .GE,  5 AND  XN(l>aXD(l), 

XN { N ) = Vn { H)  • For  correct  RESULTS 


THE  moohAL  MCOE  OF  QPEPATION  IS  TO  ALLOW  THE  PROGRAM  TO 

aij*omattcally  sELEcr  the  optimal  knot  positions  taseo  on 
STAttstICAL  FPROP  tests.  IH  this  HOOE  of  operation  it  is  DIFFICULT 
xn  r>.->r'-ilOT  THF  RFrtUt'iEO  OlHCMSIOti  poi:^  XHE  ARRAYS  XN,  fn,  ON, 

C THETA,  AND  W.  THE  PROGRAM  WILL  NFVFR  MAKE  N 6T  “ SO  A SAFE 

0 OTHFncTO  JALItv  for  thpse  Atpa'YS  MOOnnSt  M,  SPLYNl  CALLS  SPLIN3 

0 TO  OALCULStf  Th-  LEAFT  SOUARFS  SPLINE  APPROX IMATTON, 

C 

0 


0IME»'SIOM  XOd  ) ,VD(i)  ,W0(1)  ,Rn(l)  ,XM(1)  jFN(l)  ,CM(1),DM(1)  , 
1 theta (I) ,W  (1) 

0 

0 OMTT  O'T^  WITH  7FRO  HEIGHTS 

MM-l  ' • '-T* 

00  ( Jt3*m 
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-nij7T;j«^  ‘^ri.T'ii  7U/7i»  np*=i.  pr-i  u.«i»4U6 


- TP^tTinit’^ys  r;*,? 

't  W(.n=Xn(T) 

W(J*l)rVT(T) 

W < J*?)  =^1.0'^  (T  > 

J = Jt7 

Rrr'fo  i ■“  * "" 

7 MM- 

Xn(M-) =x  3(T| 

Yn(  M't)  =v-i  ri) 
vne  i**)  rwr tT» 

1 onrriMMr 



<rM  I 

7 iF(<-M)  3,<i;6 

yr(<)=M(j)  

V n < < t r ♦ p 

wn(<jsw("j*?V  

Jr  l»7 
'■.0  “'O  7 
n 

imttt.''li7a'^to>.  o*’  ■YfpriiTiofjr;  " 

r, 

«i,  'Ye  ( tfty"  ',  r-vr,  -j-r  r.(T“tn'  

J^sl 

9,«,4 

3 r r7 

•1  ‘ir'! 

yM(i)=v7(i)  ^ 

vi'i{«;y=vo(  «Mr ■ ■■  * 

XM(  7)  =:• , e;«  (XtJ  ( J ) ♦X’MS) ) 

VN{7jr'  , '3*  ext  ( J)  ♦VMlTr 

XH(  <•)  r : , r,»  (x:' { 3)  ♦XM  (c;)  ) 

'^1?  TU=  7*‘:ri,.  y»-!y<V  ■ ■ '■  

np  IP  _ _ _ _ 

IP  WtJJryilCt) 

Yc- - Tnoy 

•% 

CtLO'JLaT:  7HF  Ml<TCi<*,'^«ri*:  ^OP  *l*l|  <tALE  P^CTOe^S 
r 

C A = 7 . 

f SAsSAAI-'T 

rr  (xn(i<) -XP(1)  ) 12,12,13 

it  mi w-<n-ri>j 

14  J«  in 

TPtXPC^l-vgej*!))  1*5, ft, if, 

i«.  r.ii(  (Y\ ( )♦l)-x>.|(J^) 

r.p  TP  lU 

f.  »="  * expe'pj-xiif )» *•?. 

f y*i<H  ■■  

lA  icexico -x*Mj*tn 


P7/2n/7 
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POUTT'K  '^PLT'U 


71.  / 'U 


n^Trl 


FT'^I  i*,e,*'*‘*6 


'■>?  GM  ( n = ''.'i  ( I)  ♦wn  (K)  **:’ 
r,n  Tn  ^7 

71  = ,r. . ( wn  (<-i  ) ••?*un(K)  • ’’I  / (xn  (Kl-vo  <<-l>  > 

r,N  ( )>  = r'i  ( ji-"  . t-.*wn(i<-i)  (YMC  J»l)  -XD  (<-!)■) 

GO  T'1  II. 

r algul  * T ' T.^p  ^'^!w  pg.m  f fapto-^s 

G^'  C 1)7  .■'  ( I )•(  W (O  -W  <K-1)  )•*«/«  XM(2)  -X'l  ( n ) 

no  7?  j=3,'i 

1 r ( yM(  j) -•■J  (<) ) 2 ’,2  7, 7 4 

77  r;k|  ( j-7  ) = 1 v,tiG  ( G fj  ( J-  G ) ♦ G^'  ( J “ t ) ) 

NM=''I-? 

H'”=1.7'.G?  14 

nn  17  j=7,t!N 

q?  r,fi(  = f (Gfi  ( J)  ,G'1  ( J-1.)  »^'5) 

.1=  I M-1 

>3«1  Gl'(  J)  = ' I ’■•'I'  (G'J  ( J)  ,GM  ( J*?. ) 

J=  1-1 

TP(J)  ■'•‘1  , 

OT  nn  7r.  Jr  1 V . 

Cfi.GMLiTP  TWF  pPLT'jC  /loP''„yjM4TI0*.'  WITH  CU'^RENT  <N0T<; 

CfLL  pnLIN-«(^>•,M,X^,  Vn.yn.nn.XN.FfltGN.ClMjTHETAtW.TP) 

irripy*  ."g,  i)  go  to  4i 


Sr^LV  GT  AT^GTTGAI.  Tp^T  pop  fXTPA  KNOTS 


.)  r T vj  ♦ 1 
JJ7  I 
t<  = Jl 

T‘i;.x  = c . 

T T <•  = 1 
->p,  KPr-l 
«.W=  1 . 

GP=  1 . 

RP=7. 

J=  JH 
JJ7.JJ*  1 
W(  = 

77  1 F ( W ( J) - XO (K) ) 70,70,1' 

11  KC  = K''*1 

«;w=GV'*i  0 (K)  **2 

RPs  7n(^) 
x = <»t 
GO  Tn  7, 

71  Tr('<<i(K))  *t»2‘**'*l 

XI  <r  = i<r»i 

SW  = GW*  •■0  (K) 

71  TF(S7)  i.7,72|7'’ 
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-■'OlITT*!'"  rit/'U  OPT  = l 


'ff  ^w=  *•  j ■ 

prr''.(;i>  r ( '^/fun.'T  ) 

IF  <<':) -‘‘M)  3?, 3?,  It* 

TF  (TI'‘  .'1.  ■*)  r.rt  TO  f? 

TF  (TT’'-  ?)  r.O  3f, 

pOi^rnr 

TI^  = ^ 

TF  ( '^LOf  »■  ( <0) -c  .•'«> 

^7  w ( J J-l)=  I-'O 

T iT<  = A 4yi  (T^aK.P'*'’) 

1>  IIFr? 

7F,  MJJMr^O  _ 

't  H>.’y  ~t.~  \ X I (t  MA  X",  O'?!  ~ 
r.  r T n t A 
»■'  IT'^rl 

Tr(N(j>-X'((M) ) 


^ TfCT  wn-7T*<F9  tt.oTHF:'  I-'rvA^ION  JT  PFjTUI»En 

' f»  ' •■-■■■  ~ ...  . . . 

U'  TF(T'7.y> 

0 '••.loi'l'te  '"•:w  af'Av,  inciuoi^t.  tsFC.?®;  o>^itv 

(,•’  X-'’  . o *7  '<f.  X 

f = V'  

J='. 
jwrl 
< = T ■<  ♦ 1 

TM''TS  ( JW)  sW(K) 

Uf  I=T»1 

■ KrK*!  ' ■ ‘ 

TP<«(T)-T'MX)  U4,<*«.,(»F 

44  )W»1 

TH'^TA  ( J =VI(i<) 

4A  fn(  J)  = -, 

J = J*l 

■■f'nw'rtf) -v'vVj))'' 47,4'’'',4«."  “ 

4"  JWr  JW*”’ 

T'M-Tr  (.)-i-i)  = c , '■'*  <p  (y)  1 

TH"TA(  J.O  sWiK) 

TF(X‘|(  J*1)-TmE7a  (J4.1),  4 A, 4 Ay 4 8 

4->  FN(  • _ 

J5  J»1 ‘ " 

47  TF  ( J-N)  43 ,4r.y  49 

0 MftKF  Ki'OT  JPA.rTfJFi9  3F  nsFO  POU^• 

r, 

4J_TK5t 

•(I/si  ■ ~ — . - . - 

F>M?>*.'M*.xt«rfiiii  yp'^cri) 

•*3 

Al  TFCFNfr))  AijA-t.AS 

•;"»  •<»v;-j 

TPCK-Kl.)  '.4,A4,91 

--fi'i  <V<<M  - -■  - 

TPfK-KL)  54i*54,93 


or/??// 
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POUTIN'-  'irLIfll  74/7t.  noTri  F-TN  c,.6H.46 


t;4  KrK*-!  ' 

TP(K-N)  '^'5,56, *^6 

‘^'5  IF  (yN('<*  1 ) -yN(  K)  -1 .5*  CVN  (K>-XM  (K-dV)  54,  54,56 

56  <()=< 

rr  A ■tfXl  ( CN  (K-?)  ,'‘N  (K-in 

57  KK'trK  _ _ 

■'cts'  < = ‘ 

IPfK-Kl.)  55,50 

6"  IP  (XtKO -xy(K-H -1. 5*  (XN  (K  + 1 ) -XN  (K) ) ) 58,58,61 
51  F'i(i<*l)  = AMlXl(FN(K)  ,FM(K*1)) 

5'i  i<KL  = y 

<7=4  , _ _ 

■ tF'jFirtO' ) 52,63,“67  

«,7  < = <♦! 

IFfK-Kwru)  54,65,55 

54  TF(P‘i(<)>  55,55,53 

55  <7=1 

50  <7  = <7i-l  _ _ _ 

< = <*l' 

IF(<-<<'.I)  57,55,65 
5T  iF(e*i(i<)  ) 5?, 6?, 58 
F,u  ir(t<7--»)  6<',65,TC 

5-1  jsK'-K? 

’I  PN(J»=1. 

■ Js.H-l  ■ ....  ... 

IF(J-<)  71,67,51 
TF('<*l-K<iJ1  72,55,55  , 

T>  < = <♦! 

FU(<)=1. 

GO  TO  53 

55  TF(<L-<<L)  ■73,14,74 

PN(<<1  -■’)=AH£X1(FN(<<L-2)  ,Pn(<<L  + 1)) 

PM(<<L-l ) r 4MAX1  {'^N(<<L-1>  ,PM  (K<L  *3) ) 

T5  <=<<L-4 

79  lc(C(l(>^1)  75,75,77 

75  <=<+1 

IF  (■<-<<!)  78,7  0,70 
-7  PN(<)=1. 

<=<*•1 

TF(<-<‘'L)  ^7,70,79 
n TP  (T<  .n.  1)  GO  TO  57 
JF  (I<  . PO.  2)  GO  TO  80 
74  IF(<'J-")  11,82,8? 

11  <L=<" 

p^'(<l♦n  sAMflxi  (FM(<l»i»,fn(<l-?)  ) 

FN(<L)  =\«U1  (FN(<L)  ,PN<<L-4)  ) 

GO  70  GO 
97  Ii<  r 7 
<<LrN 
r.O  TO  75 
r 

O IMO-^OT  ryisn  kNOTG  FOR  MPW  ftPp»^nXIMATION 

97  no  9-  Jrl,N 

f,M(  Msyu (j>  ■ “ * 

NMrl 

on  14  J«7,l 
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??OUTTMr  7U/7U  O.PTsl  PT‘4 


fp  f PM  D-lYrT5'“,  85,86  * 

0(3  = 

XM(M*i)=o.<;.(GM<j-'i)iG>}{JJ) 

fit;  MN-:NM*1 

xH(M?4)=r.-j(j)  ■ -■•  

84  OONTThup 

■ I?  j'T  * ■ 

no  87  Jil  , JW  ' 

T = T'^+J 

87  W (T)  rTHrtS  (JV  ' “ ■ 

GO  TO  It 

0 " ‘ ■■■■■  

C RP'^TOPP  TATA  WI^H  7^*0  k^PIGHT*? 

'A  ■"■’  ' ■*■  ’ ~ - 

41  TFCIM-V)  83,89,85 
80  IP  (I»0!N'T)  qf,  tj8,Qt 



Q->  Jr  JfT 

KsK^-l 

M(l)rxn(<)  _ _ 

■ W(J+iTrV1(K>  *“  ■■  ” 

W(  J»?)rWn<<l 

IP (<-••)  8TrY5,93  

m irTMTC'fj j + ?)*r,i) 

04  IPJK-tT  nsVq^VQft—  " * ■ - 

06  xn  {K)  = xn  (!8  <) 

vnrkrrYO'r'C')  ‘ “ * 

wn<<j  rMO  (M'*) 

*i?VV-r 
MMr MM-l 

GO  Tor  rti*  - . - — - 

qn  xn(K)=w(j) 

~ vnckYswl:  jMi  “ ■ ■ 

wnc  <<)  = '.'. 

K-X-i  ■■  ■" 

J = J-T 

TF(J)  01,91,03  ^ 

01  CALL  «‘PLIM3(»',M,Xn,Yr>,MO,pn,XN,FN,G9,O^I,THPT4,H,TA8q(TPRINn  ) 
OJ  nPTIJPfJ 
pMO 


nr/JO/T 
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U‘!CTn*'  ‘^C'LT  74/74  DO'‘=l 


FT'J  4.6*446 


fU'if^TION  (X,  r,  XN,FM,Gf',l*Ye>f') 


n 

r, 

r 


A c•u^JCTT0N  utility  TO  RF  USED  IN  CONJUNCTION  MITN  THE  EPLINE 
ROMTTMr<5  -,plIN4  op'  5PLTN1  . 


Y = Tmf  VALU^  Oc  the  Tt’OEPENnEUT  VAPIARLE  AT  HHTOH  THE  SALINE 
T'?  ITS  OEr;H/ATIVE  tq  bF  EVALUATED.  Y ''UST  BE  BETWEEN 

yiri)  AND  XN(N)  FOR  COPREC''  RESULTS. 

M = THc  ►lUHBFr  OF  KNOTS  (PETURMEO  BY  SPLINIUS  ROUTINES) 

XN  T AR^AY  c"f  KNO"^  ooRTTIONS  (RETURNED  BY  SPLINE  ROUTINES) 
fm  = A5RAV  OF  CPLTNF  values  (»ETURNF0  BY  SPLINE  ROUTINES) 
ru.'  r A -JAY  OF  OEITVATIVf  VALUES  (RETURNED.  BY  SPLTNp  ROUTINES) 
jTvat:  = I 'rTnctu;  S?LIM=’  V.ALUE  AT  X 

? -'eturns  the  deoivative  value  at  x 


oi'U-NSTnu 

YN  (1  ) , 

FU  (H  , 

GN  ( 1 ) 

TF(X  .LT. 

XN<1)  ) 

■ GO 

TO 

inn 

TF(X  .GT. 

XN(N  ) ) 

GO 

TO 

HP 

II 

Xf 

C 

IF(X  ..NE,  XM(K>)  SO  TO  « 

KK  = Y 
SO  TO  ISO 
<<  CO’lTIfii'F 

no  1.F  Y = p,  J 

ir(x  .r.T,  xm(k))  go  to  in  ~ 

.JK-< 

GO  TO  r>c 

1'  O.O-iTjijiir 

'SO  HM=Xr.'(  J<)-XN(JK-1) 

HHS=HH» • T 

T1  = HH•S^|  ( JK-1)  ♦FN(JK-l)-FMf  JK) 

TFrHH'SM  ( JK)  ♦F(|  ( JK-1  ) -EN  ( JK) 

''3=XM(  JK)  -X 
T4-X-Xfi(  JK-l) 

IF  (TTvpf  ,-o.  2)  r,0  TO  ?ri 

SPLTN?=(rT*FN(  JK-1)  ♦T4*pN(JK)  ) /HH*T3*T4*(  T:?*T1-T4*T?)  /HH3 

PCTOPKJ 

211  SPLTN7=  (PNCJXJ  -rN(  JK-1) ) /HM-T3*T4*  (HH*  (GN  (JK-1)  ♦F.M(JK)  ) *2.*  (FN(JK 
1 1 ) -FN( JY) ) ) /HH3*(XN(JK-1 ) *XN( JK)-2.*X) • (T 3»T1-T4*T2) /HH3 

RFT;J^^' 

41“'  JK=? 

GO  TO  ?C 

m JK-N  ' ■■  

GO  TO  rn 

I-*!  IE  (ITYOC  ,FO,  ?)  GO  TO  301 

SPLTN2  = f*j(KK) 

RFTMPU 

■'01  ST.LTU2  = r.'l(KK) 

SfCTfftXI  • “ 

FNO 
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I'^OUl  •-''LT'I''  7U/74  ooT  = i 


FT'I  4.6»«*46 


I 

O 


0 


c 

r 

> 


r 


Sm’OllTT  |-  ';FLTf!'’('1,*',X'5,  Y'',wn,  ,<4,TpmtjT) 

I *4(3)  ,xn(i)  ,Ynti),Mnti)  ,rn(i)  ,xN(i)  ,FM(i)  ,0N(i) , 

1 ^17) ,THrT4 (1 ) 

X'jnTS  Tn  w,  TN^FRT  extra  knots  at  IPS  OF  RANGE 

XN(N)=f'!iXl(rN(N»,Xn{M)) 

oo  I 7 = 1 ,'l 
1 W(T»'’)=XN(T) 

• 00  .7  J=  1,7 

K = 4-.) 

N ( kIVw  (k  ♦ n + w ( K ♦ 1 ) - N <!(♦?  T ‘ 

K=  J«-\' 

W(KH)  =W  (K*3)  ♦W<Kf?) 

SET  IIP  TH7  '.PAST  SOtlARES  EOHATICNS  IM  W 


I'=l  ' “ ■ 

J = 7 

<='•♦17 

AA  = 1.  1/  ( ('<  (T)  - W(4)  ) • (W<T)  -W(G)  )*  (Md)  -H(G)  ) • (M(T)  - W(T)  ) ) 
0=1  ."  / ( ( IMS)  -W  (in  • (W(r)  - W(?)  ) • (W(S)-W  (3)  ) *{M(5)  -W(4)  ) ) 

f f si  \ 

A>.  = l.r  / ( (W(J  + 2 )-W{J^Tn*  - W(  J^4)  -N  (.HS)  ) • 

1 (W(  j + 2) -w(j+f(n » 

7rAS,*  (K{  !♦  = ) -1/  ( Jfft)  ) / (H(  - W ( J + in 

onr  n 


o=i.n/( (w(j+c)-w(jn ♦(W(j^4)-W(jfi))* (W(j^4)-W(jf?))* 
1 (N(J^4)-'l(J>7)  n 

0 = 00*  (I-' ( )♦n-w(J-Jn  /(M(j+7)-H  cj>4n 
Ff ( J-1 ) =K-7 
TF<J-2)  4,4,f 

4 M (K'-ft)  =-0T 
W (<-q) =-C-0 
W (K-4) =1 ♦" 

W (K-7) tii 

w (K-?) =3 . 

TF(I-m)  a, <=.,7 
0 W{K-1)=1. 
w(K)=n. 

GO  TO  S 

«;  M(K-4)=-iN'<W(K-4)+C^0»  ^ 

w (K-7) =AW*T 
N (K-D  =AM»AA 
A K-!lA»7 

iF(r-‘')  1,0,1? 

•i  TF(w(j+n-xo(i))  11, 1C, Id 
10  w (<-?,) 5n’i*^ii<1T'‘^(w(/»j)'..\fn(r))4¥*3‘  - 

W (<-r,)  sNO  (T»*  (r»  (W(  J^3>*  xnci»)  ••'♦n*  (M(  J*4)  -X0»T» 

W(K-T)=''(0(t)*AA»(xn(n-IJ(J«?))*'*T 

W(K-?)  ♦YOd) 

W(K-l»=fl. 

• wrri<ric." - 

T = T^l 
GO  Tn  fl 
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7u/-'(.  oot  = i pt-j  4.6*i.<*6 


'1?  !?•(  J-n') '11,4, 4 " ' ■ - ~ 

11  J = JH 

.MJrr,.»TH-T;S  ( J- n 
w (K'-r)  = aw»o  ' 

W ♦J] 

' "'';p  7 ■'  ' ~ *"  ■ “ 

7 wtK-Dtn, 
w ( ><)  r 1 . 

PM( J)=<  _ _ _ 

^PC'LV  HOU'^fHPL  OP''  O^.TMnGOMtL  T‘'AN«;POPMflTIONS  TO  AN  UPPER 

" ■ ■'TP'T'aM'r.uL  LpapT  r.ooARPS  matrix  ' 

<tl''AVrK  ■ ■ 

I = l 

irT>rM-.  1 ' 

_ 



JP^  r Tr-^+  y 

MPr  NPIi;l  T 

j = T«.Kr  __  

TFiYYFM(j_Xrn'i5)  )■  ■ ■ 

KMzIFIV  (F  HJ-7)  ♦C.'?) 

fFT-rV¥T  ‘14';  14,1*'?"  ■■  

14  l-l  1)  : 1,  _ 

MCppV^)  =■?,  ' ■ 

WCnRf’)  =0. 

ij  ( -n  , 

ic;  TF(KI)-KL)  ?<:.,25,17 
■{y^PI  Yjt=mYx.i  ( ?,  fJOINIT-l) 

'.n  T-ri  14  ^ 

If.  'JF-\|P+1  ■■  ■ " ' 

Jr  TOrJ+  ►.fO 

w(i)=w(j-i)  " " ' 

M(  J-1)  =')  ( J-0) 

M ( J-D  =w  (7-A)  “ 

W(  )-.T)=£l.  _ 

<L  = <Uf  1 

J = T + 'v’P 

KM-IFIX  {PN(J-rr+C,'^) 

on  in  j=i,'ip 
~jp=  fppYJ  " 

r>  0 ( I)  =w  (r'  Rti)  • w ( jp) 

K-PT  v-c 

niVI.'XsA  •«';  (-J  (IPR  + l)  ) 
on  yr  «=  KL  tKU,  f 
'AP  71  J=1,NP 

jjr'KfJ  - ' 

y\  S (.1)  =F  ( J1  ♦W(  JJ-1)  'WtlO 

IF(Pty.(/(Y.fl,ie(WK)))'  7-A, 

7.1  PTVlfXrft  no  (W(K  ) ) 

'»  1 rf.|(TTMI|F 

ir<<oTv/)  vrj 

yy  nn  rx  jsi,'|o 

JJr’PP* J 
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^RnijTTS'"  7U/74  nPTrl  FT*!  4.6«'(<46 


A=W(JJ) 

W(JJ)=M(l(OTV) 

W(KOTV)r'‘ 

<PI  Vrt^PT  V>1 
77  COilTIMUE 

7t  AiT'>Tr,'i( -so^T  <<:  f 1) ) , W (I'’9  fin 

p = ij  ( Tf’:^+1  ) ' 

ftrt.n/ 

nn  ??  Jr?, •■IP 
jo-xnp+J 

= (-'  ( Ji  ♦aA*M( JO) ) 

’7  M(JO)=v'(  JO)-f}*r- (J)  _ _ 

U|  (TDI'*1  ) =-\A  ' ■ - -- 

no  77  ‘'='<L  7 

A = ''(‘') 
nn  ?4 
JJ=<*J 

M(  J )-?)=■<{  JJ-1)-A*';(  J»  

7<4  TriMfr 

7 7 c'^'iri’i'ir 

IP  f <U-'<'I'IA'0 
7'7  TP(JP-7)  16,?7,27 

7 7 GrKDs'O  (K'l+1)**2> 

ArW(Io‘'»l)/GN(I) 

7 = 1' (K'lUl  ) /GN  (I ) 

Cs'J  C'll*'; ) 

''n  7p  j=i,7 

JO-JPP+J 

wfjo)-a*u(jP»i) ♦G*M( Jj7l ) 

W ( J J)='*w{ JJ+1 )-®*W( jo+l) 

W(  J J*i*)  = -7*W(JP»4) 

7fl  W ( J?+4»  = jO+4) 

•4  (170-74)  =7*n 
U ('/IU4)  = A»C 
'*•0  TO  17 

7e,  IFCr-4)  7-4,?o,1'7 

aAnK-^SM-T^iTTU"  TON  ^0  0”T.M’i  '‘ULTIPLIFp?  OF  FUMOft’l^'NTAL  SPLINES 

7T  X 

70  7"  J=l,4 
<sx-’ 

JJ=tO07j 
70  71  1=1,7 
KKSN+T 
JK*  iJ+T 

1,*T7071 
'^K=<-' 

77  TFtL-JJ)  77,74,34 
77  L*l.»l 
LK*L‘'*7 

M('<'<)«N{«)-N(Li<>*W(L) 
on  "i  77 

74  <('<<)»N(<<)/I''(TPP>1> 

71  CO'ITT'MIE 


07/20/7 


178 


.T..J  r>' 


AFML-TR-78-153 


^'OUTTMe-  •'Pl.T  7(»/74  OP7  = l FT'I  U,h*Ukb 


- - 

in  COMTxmi?  

L =>i  '■  ■ - - - - - - . 

■f,  IFCTP'’-*!)  7«i,3f>,37  _ _ _ 

V'  <<  = <-7' 

L = L-1 

fin  ^6  T=  i,  7 ■ _ - - - 

= _ _ _ 

jJ=rp''+i  ” ■ “ ■ ■ - - . 

M(K’'<)  = rw  ( JJ+i.)  - W{7Pi?  + l»*W(lfi<*3)-W(IPRf2)*W(<K4.fi1-M(IP^43)*W((<K*9) 

' 1 " -w  (fpy+V)  •wT«>i;») ) /r,N(L)  “ 

XP"'=IPP-7 
GO  TO  75 
75  <Rp<;=t< 


7«LCllL/'2'  SPLINE  VftLU^*;  AT  THE  DATA  POIMTS>  Ar4r)  SOaLft-*  PRODUCTS 
)<r.n4TAs>fRFlS-3*“ 

1 = 1 ■ ' “■  

J=_l  J [ 

nh"f,7  . - 

47  S(L)=n. 

KflfavfFnyt  A 

A«  = l.r /(  (Wi7)  - W(4)  ) • (W(3)  -WTS)  )•  (W(7)  -M(6))  • {M(7)  - W(7)  > ) 

0=r.  r/((Wt5)-rW  (1))*(‘J<5)-MC2))  ♦(><($) -W(3)  )*(Wt5)-W  (4))  ) 

7'^  J=J»1 

‘ 

A = AA 

a A =1 7?r/Tl  r(  JT?y  w $ ) > • • 

1 (N( J^2) -H(J+fi) » ) 

( wT iTrr-H(J»6) ) /(W{  J*2)-W(J41)J 

00=0 

n=r,n7  ( cwT  i*4)  -HTjrr*<H(  j^4)  -w(j*i))*  (M(jf4>  ■ * 

1 (W{J*4)-M(J+7) )) 

■f;rrio*(w(  (j-i)  )/(w<j*7)-w(j*4)) 

4A  IF  (YOd)  -<N(  J)  ) 41,41,70 
41  DO  42  L=1,3 
LK=L+K 

i<tr=x*<<  

L?  W(Krj)=A*M(LK*3)*(Y0{I)-W(J»l)  )**7*{B*W(LK+3)  +AA*W(LK4-5)  ) • 

T <xo(t)-H  <j+2) ) Tc** <Lk')  ♦6n*W (L<-3y> ♦ ( ttTfTi- IT- x'nlTTJ **3 

2 ♦D*W{UK»* (W(J+4»-Xb(T) )**3 
'?n(i)=Yo  (I»-h(kk+h 

AS=WO(I) *PO(I> 

‘fFs'^ntTr^irdi^Y^^p  ----- 

CS=ND(I)  •WCKtft.x) 

■"S(iV=s  (i")  ♦fTs'os 
S(2)=S(?)+0S*CS 

”sf73)*<{3)  ■ 

5(4) ■S(4) tAS'PS 

• - A'OTS r~~ 

T«I*1 

7 - 

TF(l-t')  

CALCULATE  THF  RESIOUALS  AUO  PAPAMPTERS  OE  THE  REDUTRED  SPLINE 
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POUTTM*^  7I./74  Oor~x 


FT  4 U.^*UUb 


itU  nrT='-(i  j 

4=(«;(,7)»r((4)-»;(2)*':(i;))/Tr7 
<’=('  (11  • 4) 

Of)  40  Irl,-' 

Kri'fT 

(*0  pn  ( T>  =-*n  ( T)-.'»  wiK-ii  -^*<4  (K) 

<L  = <PF''»  1 

Oil  Ufy  K='<Lt'<l“-’^Xf  3 
Uf,  N (><1  =W  ()<)  ♦ A»W  ( ((♦!  ) ♦ T*W(<*?> 

PO-'oiJT"  TLEMFUTS  0*^  FN,5n  AMO  ON 

< = ><VF<; 

Aftr  l.r  / ( (N(21  - W (711  • (W(2)  -N(4)  1 • (W  (?)  -M(5n*  (W  (?1  - Nf6n  ) 
OM(l)=f . 
on  47  J=1,M 

A = AA*M  (X"  ♦41»  (XM(  J)-N  {J*l  1 )“•? 

AA:  l.f  / ( (•(  (J*21  -»(  J»7)  )•  (M(J*2T-Hlji4i  1 •(V(J»2)-N  ()♦■«;))• 

1 ('■((  J*21 -W  (J*<i))  1 

i = ''.A*(W(<*7)+W(K*41*(M(J*?)-W(J**jl)/(W(J+?>-W(J*ll))* 

1 (XM(J1 -g  (,)♦?))  •*? 

oncN  ()f  + ll*(W{J>41-yN(J))/<(W(J»4)-W(J))*(W(J*4)-N(jTlll* 

I (w(  jf4i-g(j*?))) 

rfu  11  = A*  (x  t(  ji  - w (jFii ) ♦o»  ‘()('J(j>-w(jf?)  )*rio*(g(  j*4)  -yxj  ( j) ) 

ON  ( J) =7, 0* (A  40-001 
TF ( J-1 1 43i4P , 40 

4 ) n-J  ( ))  =0.  •"!»  (Gf:  ( J-1  1 4Gm(  J)  (CN  (J-1)  -FN{  J)  1 / (XM(  Jl-XM(J-l)  ) ) / 

1 (X‘i(  Jl  -XM(  J-11  1 ••? 
nM(  )-!)  = TMJ)  -nr'lJ-l) 

UP  <=!<♦•' 

u’  copriMdr 

Pnvir=  PpIM7  JF  P.POIJFSTFO 

TF(irPTMT)  00,03,01 
r,1  i.TTi)?t' 


01  PPJNT  00 

r,?  rn.-’i.>ir  (ll^^,Jrx,•rcn^^F  A OOPO  XI  HA  TI  CM  OBTMNFO  PV  O^’L  TN3* //4X  , 1 HI  , 
lOX.OHXod)  ,1FV  ,OHPH(I)  ,lflY,FHGH<I)  ,13X,lfiH3RD  OF? TV  GHANGE.llX, 
’SM’MuTA (I)//) 

1 = 1 

PPTMT  67,I,Xf(I) ,FM(I),GM(I) 

04  T=T41 

IF(T-M1  00,00,  F.0 

00  PPTNT  07,T,XM(T)  ,FN(r),r.M(T)  ,Ot'(I)  ,THFTA(I) 

GO  TO  04 

ApT  PRIN’’  07  ; fvvrx  I)  ,FN(  t) 

ORTN7  07 

07  FOpHATr///4X,lHT,«IX,OHXO(T),lflY,OHYO(I),18X,5HWn(T),17X,3HFlT, 
llPy ,0Hi  POIOHAI  //) 
j«r 

no  00  1=1,) 

01  TP(xn(T) -y-Hjn  op,oD,?.i  " ' 

01  OP  TNT  0? 
i*0’1AT(OX) 


')7/?0/7 
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POUTIMr  PPLI'-l.T  74 /7t*  0°T=1 


FTM  4, 6*446 


Jt-J*  i 

';n  TO  «;<)  

Y'nr>n  = Y^fij-pnal  " 

PRTM7  63,I,X01I)  ,YnjI)  ,YO£n , W ( I ) 

6’  F0P.HA-^d^,6P‘2'-'.f4r 

COMTTMUF  

C.O  TO  60 
EK*'’ 


pOU'^TMP  0IF=’ 


74/74  OPT=l 


FTM 


' CU'^^OUTltif  OTTF  (PMC.OEL) 

ro'i  lOf  /I‘4TP/  YINTJlDLliZV 

C6m*10M  /DiFY/  YOIFdOl)  . DY  (100) 

p cn''°ii”^‘E  oiffepTn^ce^  i n'lvfnF  by  pmc 


hin  'V>"  <=1,101 

Ynrp«)  = (YiNT(<,i)  Ym(i<,2}_)XPJ:’'^ 

OONTtwiIE 

n _ 

c OOMPUt'"  DERIVATIVES" 


no  Vn  <='2,'l0'l'' 

n Y ( < -1 ) = ( Y 0 1 P ( < ) - 

41  SO’ITP'ME  " 


07/20/T 
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AKMl,-TK-78-15  ) 


,ont)TT»jr  r*t  ,1T  ; 


FT‘i  4,»>f446  07/?.'^/ 




r.o'^'Kui  /INTP/  vitiT  ( ini ,,?) 
ci"<-nf'  /nirv/  yttf  (1 -D.nv  (190) 

CO'IMM  X(^'.,p),V(Ha,?)  ,VPL  <101),XL,XH,  VL.VHiXMIN.XMAX,  ISFT 

n. 

_ _ _ _ 

■ i'  AI  l ' ( l".  ,'.7»  ■■  “■  ■ 

f'iLL  T.'IPLY 

Tf  (’!'  .'0.^)  f.f)  TO  Tf.,' 

IF  (IP  D r.n  TO  ?c<) 

r.  

■p  ■ — ■ i7'‘ ir ' •'•'1 0’’ 

p 

flfLL  TITU*^  (<H  ,q.,7.) 

'.til  F.'Af  ( YL  , ••'iCA’. YL,  ••sraL-“,  YH) 

'Ml.  F'lM'P  (X  ( 1 , 1 ) , V (1 ,1»  »‘»PTS  ('l  > ,-C) 

^fUL  T'lPV'  (X(1,?>,Y(1,?)  ,-|PT«i  (?)  ,-?) 

■ „ , j -^c -{'xoL  , Y j»iY  ( 1 !*  1 1 >' ) 

'.m  (XPL  ,x^'iT  (1,?)  ,iri,r) 

P.O  TP  r,;i 

r, 

r, pirc-tp  ;jO  : PLOT 

" ’V  rcUL  TTTt  ' (1H~;-rr'*'''^Y^fA'^‘'~F7oT‘MOLT^’‘7lJ0V”n'T'PLaTPpFNT”,12,9.  , 

* T.  , 

call  F.c-r  (-.pr.,  ."P.,  .U.-.ori  ,.Fni,.nf6) 
rSLl.  CM'ls/P  (YPL  ,Yr>TF,lPl  ,C) 
p ^ L L r'p'’' 

PAI  L (-.  'IP'.ll.  , ,_n _ 

C Al  L P'l  V'rp  Yc  , , - . 0 " i' I'n'.  . re  ) 

r,r  Ti^  r,  TP 
p 

p 5T'lTv  PL  AT 

p 

t"  PALL  TITl-  (J^h  ,-l  .'•'’I^TAflCf  FfQm  HOLET‘MOO,”rT^AIN’',(=.,9.,7.) 

CALL  G'i  VP  V- . A>.', '>■,■^>7,  0 ^4  r-A,  01  , 0 .F’i»~nVCF>) 

CALL  PMIYP  (XFL  (D  .TY  ,1AP  ,,') 

PALL  npT 

CALL  ( - . fiC  f’’ . 0 » 0 .4  , F ,P  , r ) 

PALL  F’LV'T  {('.  ,-.r  1 "ft,  0) 


r.nn  CALL  "'‘VIA’.  ("S^t  'JO,  «'*  , I "P  , 1 , T , f . ) 
C*LL  ‘'"CCA-,  (!PFT,10,“Aqt(T",”APUT») 
call  F I'’PL(9) 

?PTii.n) 

r MP 
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■jpnijTT'iF  wcxT  VIT  ''U/t^U  r'»T=l 


PT'i  <,,6*i446  07/?n/7 


SIl'Vail’Ttjr  'vjc  I'foUT  (tC,b"^L)  * 

r'T'MOf  /riTP/  YINT{ini,->) 

/ITFV/  voiFdnD.nvdOO 

CO'diV  Y ,V(8.5,?»  ,*JPT<;(2)  ,yOL(101),XL,XH,Yl.  ,ym,x-«jn,xmax,i<;ft 


opf  »i‘t''ihvr  If  

09T  JT  Ilf,,  YKlfj,  X«AX,PFL 
PPIM’’  113 

PPTMT  li<3,  XPL  f 1)  ,YI‘.'T  ri  ,1)  , Ylf'T  (1,2)  , YOIP(l) 
nn  F3 

PPTIT  116,  Xf  L (<)  I YrNT«,l)  , YIMT  (K,?)  , VniPCO  .0Y(X-t  > 
onT*jT  1 

l»n  (1MI,//,6X,”0UTP'IT  --  netfl  AKALVSIP  --  S^T  ***,12,//) 

i-'f,  rn-^  <,n  (r)X,"(  pv'9(jT£n  vflLUP*;  usrn  -‘S/zicx ,"xmin  * **,fri7,g/iox, 

♦ ■ "x^ax  = ‘••,r‘i7,q/7x,*^'v:LTA  x = 
fir  rn-MAT  ( 4x,"rirstANC':  prdm  inx,"Yi”, i9x,**y?",i5x, 

If.  FO-.I'T  (4X,f:(ri;i,q,5X)) 
f FOfc’iaT  (inf) 
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Appendix  B-2 
Typical  Input  D^ck 


PROGRAM  NAMi::  MO  I R E 

OWNER : Gary  Cloud,  AFML/LLN,  52624 

AUTHOR : Lt.  Alan  R.  Miller.  AFHL/UOC,  56890 


DESCRIPTION  OF  INPUT  REQUIREMENTS; 

A.  This  pro^i'nin  was  designed  to  permit  on  Infinite  number 
of  data  sets  to  be  entered.  However,  due  to  time 
constraints  on  the  plotter,  it  is  recommended  that  no 
more  than  three(3)  sets  be  entered  per  run. 

D.  There  are  slx(6)  Individual  Input. data  types  necessary 
for  each  set  of  data.  They  are: 

1.  Card  1 : Set  Numbci  - Format  (AlO) 

a.  Program  will  use  the  first  10  characters  en- 
countered in  columns  1-10.  For  best  results, 
recommend  beginning  in  column  1. 

2.  Card  S2:  P,  M,  C,  XO,  IPR  - Format  (FREE) 

a.  Separate  each  parameter  by  a comma (,). 

b.  P,M,C,  and  XO  arc  REAL  run  constants. 

c.  IPR  - Output  parameter  (integer). 

1.)  Enter  1 to  obtain  output;  enter  0 otherwise. 


DATA  INPUT; 

3.  Card  Si:  NPTS,  Yl-  Format  (FREE)  - separate  by  comma 

a.  NPTS  - Integer  number  of  data  points  to  be 

processed  In  DATA  set. 

b.  Yl  - Initial  y- value  in  DATA  set. 

4.  Card  tf4:  X(l)  - X(NPTS)  - Format  (FREE) 

a.  May  cover  ns  many  cards  as  necessary  to  enter 

"NPTS"  values.  One  value  may  not  continue  over 
two  cards.  Note:  Exactly  "NPTS"  values  must 
be  entered.  Otherwise  program  results  are  un- 
determinable. 

BASELINE  INPUT: 

5.  Card  5 : NPTS,  Yl  - The  same  notes  apply 

6.  Card  0 6'.  X(l)  - X(NPTS)  • i ;•  here  as  for  Cards  3& 
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6^  r5»6t‘?3.t'*» 

39  CONTINUE 
30  TO  50 
cNt) 


♦ROIT» 


5JUTINE  OIFF 


Of'T  = t 


FTN  ■♦.3m  14 


09/1)5/7 


SUiHOUTINE  OIFF  TPHC.OFD 
COMNON  /INIP/  VJNKIOUJ) 

CONHON  /t’LOTtP/  XRAYTOOJ)  ,Vl?flV<930)^lNU'T 

COMMON  /oiFY/  vniF  cion.nr  itoo) 

COMMON  X(90,CI,V(f!i),’)  ,S  P TS  « ?)  ♦ X^L  T 1 0 1 ) ♦ 0UM6  ( 6 » .I5FT 
:OM.>OTc  OIFFtPENCCS  9 OIVIOE  BV  ’HC 


C'T 

C 

C 

C 


TO  ?(1  K = 1,101 

Vl)IK(K)  = <YINT(K.1»  - YINT(K.2»»/PNC 

continue 

COMPOTE  OERIVATtVFS 
')0  1*0  K = 2,101  I 

OYK-i)  = (VniFIKJ  - YOIF  «K-ll»/DEt 
INUM  = INOMfl 
XXATdHUN)  = XPL(K» 

YRrtVdNUM)  r OY(K-t» 

CONTINUE 

•iFTOCN 

CNO 


706 


Ah'ML-TR-78-153 


ftOUTINE  PLOTS  7i»/T4  OPTsl  FTf* 


SOnSOUTINE  PLOTR  aC.IS-TI 

^OM!<OH-/iTN4M/  ISTNMI  9t.  I ST 

COI1MON/PLOT£R/X«900l,y  19001  .11 

UXcNStON-itlT a)  «R2  T61  ,93  < 01  .RLILl 

OATA  Rl/13. ,8.,10.,a. ,2.  ,a. ,?.«a./.R2/?0. 

. . - . DATA  R3/63««7..*3..7.*3..r.«3..7./*PA/t0..a.«2.,A. 

C 

- SALL- HCMEL  <11  - 

CALL  PHVSOR(1.0,0.7I 

— CSALL  HASAlF  (“STANOARO"! 

CALL  dlXALF  <“L/CSTD"1 
CALL-TSIPLX 

r 

^ALL  ITTLC  <AX  ,-1,‘^OIST ANCg  FMH  MOLE  IIIN.ll*-, 
S ''COMPRESSIVE  STKAZNS'‘,100.<I..7.1 
CALL  GOAF- <-,05, .05*. 4,-, 01. .01. .061 

C 

CALL -HfSSAG.  .<-''MOLE  MO.-  t^.  100,1.2*6.  1 

CALL  MESSAG  < IScT , 1 3 , “AlUT-.-AeUT-l 

CALL  HEIGHT  <0.121 

- -CALL-MESSAC  <.;t£C£M(l''.,6,7.7,6.61 

A « XhESS<*'LEGeN0“.6l 

call  height.  «)..09) 

CALL  VECTOR  < 7 . 7,6. 56 . 7. 7 ♦ A ,6,56, 01 

H.TO..S  ,6.<*!>  

call  reset  ("TRIPLl**! 

- . -C  - 

CO  So  1=1. IC 

If . <1.EQ.2J- CALL  OOT  - 

IF  <I.EQ..3»  CALL  CHNOOT 

I,E.-..<l*£Q-.i.).- CALL  CASH  , - 

IF  <I.EQ,5J  CALL  CHNCSHI 

- -JF  <1.60. 6)  CALL  MRSCOOC 0.6,3, Rll 

IF  (I.EQ,7)  CALL  HRSCOOI 0 . 46,6.9? | 

. - IF  -lI.EQ.d)  CALL  MRSCOO<fl,L75,8.RTl 

IF  iT.fn.9»  call  HRSCOO<0.?8,4,R4I 

c 

J = (I-l)*10&  ♦ 1 

CALL  CURVE  <X < Jl .Y < Jl .11 0 ,0 1 

HTO  = HTO-J.135 

CALL. VECTOR  ( Z.O.MTO. /.O.HTO.Ol 

CALL  HESSAG  (ISTNH( T ) , 10 , 6. 1 .HTO-0 ,0 451 
30  -Com  I HUE- 

c 

- -HTO  s HTO^’fl.165  - 

CALL  HLNKl  (6.66.9.13.HT0.6.64..T) 

CALL  OOT 

. -.^CALL -RLVcCi  (-.  OS .0 . 0. 0.4 , 0.  0 .0) 

CALL  P.LVEC  (0.. -0,91, 0.0, 0.06, 01 

C ....  - 

CALL  ENOPL<OI 

RETURN 

END 
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Appendix  C-2 


Commenta  on  Input  Required 

Input  deck  required  for  summary  data  analysis  program  la  iTasicaHy  the  same 
as  for  the  detailed  data  analysis  and  plotting  routine  (Appendix  B) . The 
only  difference  Is  that  an  extra  Initial  card  Is  required  to  give  the  Infor- 
mation which  will  be  used  to  label  the  single  output  graph. 

Data  card  1:  Enter  ISET,  which  Is  hole  number  plus  other  identifying  infor- 
mation. Format  AlO 

example:  C7  RI  » 6.6M 

Cards  2-»N  same  deck  as  used  for  detailed  analysis  of  first  set  of  data  for 
the  hole  (see  Appendix  B-2). 

Curds  N + 1 M Same  deck  as  used  for  detailed  analysis  of  second  set  of  data 
for  Che  hole. 

And  so  on  to  a maximum  of  9 sets  of  data  which  arc  to  be  plotted  on  this  one 
summary  plot. 

Note  that  variable  named  ISET  in  detailed  plot  routine  (Appendix  B)  appears 
as  ISTNM  = (setname)  in  composite  plot  routine  (Appendix  C) . As  used  In  the 
detailed  plots,  ISET  Is  the  set  number.  This  same  set  number  appears  as  a 
label  identifying  a particular  plot  In  the  composite.  The  new  I^ET  In  the 
composite  routine  Is  an  Identifying  title  for  the  whole  composite  graph. 


Typical  Conputer  Prograa 
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